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ABSTRACT
Recently, there has been an expansion of submerged aquatic vegetation (SAV) in 
the tidal fresh and oligohaline portions of lower Chesapeake Bay tributaries. Much like 
the resurgence seen in the Potomac in the 1980’s, this spread of SAV in Virginia systems 
such as the Mattaponi, Pamunkey and Chickahominy seems to have been initiated by the 
introduction and spread of the invasive species Hydrilla verticillata, and appears to have 
been rapid. However the resurgence in the Piankatank has occurred in the absence of the 
introduction of this species. The factors that are influencing the growth of SAV in these 
tributary environments, including water quality and habitat conditions as well as the 
potential for interspecific competition between H. verticillata and the other SAV species 
in these regions are not well known. Annual aerial mapping surveys of the 
Chickahominy River were used alongside historical water quality data to investigate the 
patterns and rates of SAV bed development, and the relationships between this 
development and water quality conditions. Field investigations were performed in order 
to better understand the seasonal community dynamics relative to water quality 
conditions and interspecific competition. Historical analysis, field monitoring and field 
experimentation all showed salinity and turbidity to be the main factors controlling SAV 
abundance and species distribution along the Chickahominy River. Historical analysis of 
the Chickahominy River revealed a decline in SAV abundance in 2002, which 
corresponded with seasonal mean salinities of 4.1 psu. SAV abundance from 1998-2007 
showed a significant correlation with vegetation emergence period secchi depth, in which 
secchi depths of 0.3 meters, the lowest of the time period, occurred during the 2002 SAV 
decline. Field data showed species zonation, in which H. verticillata was the overall 
dominant species, but was limited to the upper portion of the river where salinity 
intrusion remained below 2 psu throughout the growing season. Najas minor was 
dominant in the lower portion of the river where salinities reached over 4 psu in October. 
Salinity was the best predictor for H. verticillata ’s biomass difference between the upper 
and lower river. SAV in the Chickahominy was able to grow in a wide range of 
conditions, with total suspended solids and chlorophyll a concentrations at times greater 
than 20 mg f 1 and 40 pg I'1, respectively, and sediment organic content ranging from less 
than 1% to greater than 25%. Comparisons with the Mattaponi and Piankatank rivers 
revealed ideal habitat for H. verticillata growth in the Mattaponi, where salinities along 
the vegetated reach of the upper river did not extend above 1 psu. On the other hand, this 
species was not found growing in the Piankatank, where salinities in the very upper 
portion of the river reached 3.5 psu. Finally, a field species removal experiment 
demonstrated that environmental conditions rather than interspecific competition were 
most important in determining plant performance, as both H. verticillata and N. minor 
exhibited poor growth in the lower river site, which had higher salinity and turbidity 
levels than the upper river site.
Influences of Habitat Conditions on Submerged Aquatic Vegetation Development in the 
Chickahominy River and other Virginia Tributaries of the Chesapeake Bay
INTRODUCTION
Submerged aquatic vegetation (SAV) habitats provide numerous important 
ecological services. They serve as water quality indicators and act as filters, provide 
habitat for a variety of fish and invertebrates, provide food for grazers, serve as nursery 
grounds, and reduce shoreline erosion through the buffering of storm and flood waters 
(Orth et al. 1984, Fonseca and Calahan 1992, Perry and Deller 1996, Moore 2004). These 
ecosystems are becoming threatened worldwide, due to their close proximity to areas of 
human development, and thus their exposure to increasing sediment and nutrient runoff 
(Orth et al. 2006). Because of these increasing stressors, studies on the effects of coastal 
development and eutrophication on SAV ecosystems have been on the rise in recent 
years. Such studies often focus on regional or localized impacts due to increased loading 
of sediment and nutrients (Orth et al., 2006).
Compared to other plant groups, SAV require some of the highest light levels (as 
high as 25% of surface radiation) (Dennison et al., 1993), due to their need to oxygenate 
their roots and rhizomes, which often grow in anoxic sediments that also may have high 
toxic sulfide concentrations (Terrados et al., 1999). Due to these high light requirements, 
increased sediment loading, which increases water column turbidity, and increased algal 
and epiphyte growth due to increased nutrients, often shade out SAV to light levels below 
critical thresholds needed for survival. The impacts of such stressors can result in loss of 
native SAV species, and may also help the spread of invasive species that outcompete
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natives and reduce the biodiversity of the system (Carlton 1989, Hobbs and Huenneke 
1992, Chambers et al. 1993, Altman and Whitlatch 2007).
Chesapeake Bay SAV Distribution
The distribution and abundance of SAV in the Chesapeake Bay experienced 
major declines beginning in the 1960’s and continuing into the early 1970’s (Orth and 
Moore 1983). Since this time period, baywide SAV populations have on average 
increased in overall abundance but this pattern has not been uniform throughout the bay 
and its tributaries. Zostera marina (eelgrass) populations in polyhaline regions of the 
Bay first increased and have subsequently been declining in the last decade (Orth, 
personal communication), while freshwater and oligohaline areas have seen general 
increases. For example, from 1985-1993, populations rebounded, and total Bay SAV 
area increased approximately 49% (Moore et al. 2000). Much of this occurred in the 
upper tidal Potomac River (Carter and Rybicki 1986), where it was initiated by the spread 
of the non-native species Hydrilla verticillata (Moore et al. 2000). Within the last few 
years, annual aerial mapping surveys have shown dramatic increases of SAV, now 
dominated by H. verticillata, in the upper tributaries of the lower Chesapeake Bay such 
as the Mattaponi, Pamunkey and Chickahominy Rivers (Orth et al. 2006) (Figure 1). The 
Piankatank has experienced this growth as well, but in the absence of the introduction of 
H. verticillata (unpublished data).
Reasons for the patterns of spread of SAV throughout these small tributary 
systems are not well known. Since the spread in the upper Bay, a number of investigative 
studies have been conducted in the tidal Potomac River to further understand the
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dynamics of the large-scale increases. The Potomac River had historically contained an 
abundance of a variety of SAV species, but surveys performed from 1978-1981 reported 
only several isolated beds of Vallisneria americana (Carter and Rybicki 1986). A 
resurgence in this system was documented during a similar survey conducted between 
1983-1985, in which 14 different species were reported (Carter and Rybicki 1986). SAV 
had returned to the upper river, while the lower river remained largely unvegetated. The 
large-scale increase in the upper river was attributed to improved water clarity as well as 
a decrease in nutrient inputs to the system from the sewage treatment plant (Carter and 
Rybicki 1986), and an ideal combination of weather conditions increasing light 
availability (Carter et al. 1994). Further studies focused on pinpointing reasons for the 
resurgence as well as investigating spatial distribution along the river. Carter and 
Rybicki (1990) investigated the lack of revegetation in the lower Potomac River 
compared with the resurgence in the upper river, and from this study believed the reason 
to be light limitation. This hypothesis was further supported experimentally when 
artificially increasing photon irradiance in the field allowed V americana to revegetate 
two embayments in the tidal Potomac, indicating that light is a limiting factor for SAV in 
this system (Carter et al. 1996).
Habitat Requirements
Habitat requirements for the establishment and survival of SAV beds have been 
the subject of numerous studies (Twilley and Barko 1990, Stevenson et al. 1993, 
Dennison et al. 1993, Carter et al. 1994, Moore et al. 1996, Kemp et al. 2004). Defining 
SAV habitat requirements have been a recent major field of study due to eutrophication
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of coastal systems and thus declining water quality. Because SAV in general have high 
minimal light requirements, and these requirements vary among species due to differing 
physiological and morphological adaptations (Dennison et al. 1993), light has primarily 
been the focus when studying SAV habitat limitations (Carter and Rybicki 1990, 
Korschgen et al. 1997, Moore et al. 1997, Moore and Wetzel 2000). However, a variety 
of water quality as well as sediment geochemical parameters have been shown to be 
important as well (Barko and Smart 1986, Short 1987, Koch 2001, Kemp et al. 2004).
Because of the physio-chemical requirements needed for SAV growth and 
survival, environmental conditions experienced in a particular habitat are a major control 
on the presence or absence of SAV beds. Environmental factors also may have controls 
on species abundance and distribution within a system, since different species have 
varying requirements. Within an estuarine system such as the Chesapeake Bay, 
parameters relating to salinity, light, temperature, nutrients and sediment may all play a 
role in the SAV community dynamics.
Salinity
SAV in the Chesapeake Bay can be distributed by salinity tolerances, with Z 
marina andRuppia maritima occurring in meso and polyhaline regions, and a variety of 
freshwater mixed species occurring in oligohaline and tidal fresh regions. Within the 
Virginia tributaries such as the Mattaponi, Pamunkey, Chickahominy and Piankatank, a 
variety of freshwater species have been identified, with H. verticillata dominant in the 
Mattaponi and Pamunkey, H. verticillata and Najas minor dominant in the 
Chickahominy, and a mixture of Ceratophyllum demersum, Potamogeton pusillus and
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Elodea canadensis dominant in the Piankatank (Orth et al. 2006, personal observation).
A number of these species have been experimentally shown to have differing salinity 
tolerances. Several studies over the years have focused on subjecting H. verticillata to 
varying salinity levels. Haller et al. (1974) reported an upper limit of 6 .6  psu, while 
Twilley and Barko (1990) found that//, verticillata growth decreased with increasing 
salinity, with little productivity occurring above 4 psu. More recently, Frazer et al.
(2006) studied storm-induced short term fluctuations in salinity and its effects on various 
submersed vegetation species. In their experiments, H. verticillata experienced complete 
mortality after being exposed to salinities of 15 psu after only one day. The other species 
studied (V americana, Myriophyllum spicatum) were much more tolerant to these 
variations. These results indicate the potential importance of short-term salinity pulses as 
well as longer term conditions in shaping estuarine SAV communities.
Light
Many species found in the Virginia tributaries are canopy forming, which 
enhances their ability to capture light and shade meadow forming plants growing below. 
For example, a 95% reduction in photosynthetically active radiation (PAR) has been 
measured beneath a H. verticillata canopy as opposed to only a 29% reduction in open 
water at the same depth (Haller and Sutton 1975). Barko and Smart (1981) examined the 
physiological response of H. verticillata to low light and found that this species reduced 
the density of their shoots, increased the shoot length, and developed a canopy in 
response to decreased light availability. Rybicki and Carter (2002) on the other hand, 
showed that the native species V. americana, found throughout Chesapeake Bay, produce
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larger tubers, have increased elongation potential, and earlier germination than H. 
verticillata, so can outcompete this invasive species during periods of cloudy and turbid 
conditions. These conditions were seen in the tidal Potomac River during 1989, when 
previously dense H. verticillata beds substantially declined, and V americana beds 
remained. SAV growing in oligohaline and tidal fresh habitats generally have lower light 
requirements (>9 % light at leaf) than polyhaline species (>15 % light at leaf) (Kemp et 
al. 2004), but data for individual species requirements is highly variable (Batiuk et al.
2000). Measured light saturation points, or the minimum irradiance at which 
photosynthesis rates are at a maximum, for H. verticillata range from 150-600 pmol 
mV1, and 50-700 pmol mV1 for C. demersum. (Batiuk et al. 2 0 0 0 ).
Temperature
Freshwater species in the Bay have a general growing season from April to 
October, but it is likely that individual species have different optimal temperatures for 
their growth. Temperature has been shown to play an important role in the physiology of
H. verticillata. Van et al. (1976) reported an optimum photosynthetic temperature of 
36.5°C, and Barko and Smart (1981) showed stepwise increases in shoot biomass for 
every 4° increase in temperature between 16° and 32°C. They also found that H. 
verticillata remained metabolically active at 16°C, but grew very poorly. They suggest 
that the most important factor limiting the distribution of this species in the United States 
is temperature. Rybicki and Carter (2002) related a large scale decline of H. verticillata 
in the tidal Potomac River in 1989 in part to below average spring temperatures.
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C. demersum seems to have a lower optimum temperature for its growth. Several 
studies of peak growth for this species have shown that it is at a maximum in spring and 
then slowly declines throughout the summer (Wilkinson 1963, Best and Meulemans 
1979, Fair and Meeke 1983). Rodrigueze-Villafane et al. (2007) showed C. demersum 
biomass peaking in July in a Mediterranean lake, and Van et al. (1976) reported an 
optimum photosynthetic temperature of 28.5°C.
Nutrients
Nutrients play an important role in the survival and distribution of SAV for a 
variety of reasons. Indirect effects of eutrophication can cause light stress, as algal 
blooms and epiphytic growth shade out SAV species. Nutrients also have direct effects, 
because they are needed for growth. Many freshwater species living in the Bay have 
smaller root structures and larger above ground vegetation than polyhaline species, so 
while some of the nutrients may be obtained through the sediment, much is achieved 
through the water column.
Van et al. (1999) and Spencer and Ksander (2000) showed H. verticillata to be a 
weaker competitor to the native species V. americana and Potamogeton nodosus, 
respectively, under low nutrient conditions. Rybicki et al. (2001) studied propagule 
survival in the tidal Potomac River, and suggested that the lack of H. verticillata 
dominance at several of the sites may be due to the lower N content in the sediment at 
those sites, because of this species’ small root mass. While H. verticillata can potentially 
utilize nutrients from both sediment and the water column, C. demersum has no true 
roots, so all of its nutrients are obtained through the water column (Goulder and Boatman
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1971, Best 1980). In a long-term study of a chain of lakes in southeastern Michigan, 
Tracy et al. (2003) reported high densities of free floating species such as C. demersum in 
nutrient rich lakes. These species began to decline during a drought period in which N 
loading to the system declined, and then rebounded almost back to pre-drought densities 
during the preceding years of higher rainfall and thus higher N loading.
Sediment
The sediment that SAV colonizes is also important in defining suitable habitat. 
Freshwater habitats can have higher percentages of silts and clay than polyhaline regions* 
resulting in less porewater exchange with the water column and thus higher porewater 
nutrient concentrations (Koch 2001). However, Barko and Smart (1983) found that SAV 
was limited to sediments containing <5% organic matter. The growth of H. verticillata 
has been shown to generally decrease with increasing organic matter up to around 2 0 %, 
after which very little growth occurs (Barko and Smart 1986). They also found that in 
sediments containing <10% organics but >75% sand, poor SAV growth resulted. Batiuk 
et al. (1992) reported ranges for SAV in the Chesapeake Bay to be between 1 and 5.3 
percent organic. On the other hand, Chambers and Prepas (1990) found the biomass of 
C. demersum positively correlated to the sediment organic content. It is clear from 
existing data and information that SAV can colonize a wide variety of habitats, and 
optimal environmental conditions change according to different species and climates. All 
of these parameters are likely interactive, making it even more difficult to generalize 
SAV requirements.
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Interspecific Competition
In addition to these various water quality parameters and habitat conditions, 
another potentially major controlling factor on SAV species diversity within a 
community is that of interspecific competition. Competition among different plant 
species has been examined extensively in the terrestrial environment, and is generally 
referred to as a species’ ability to capture and utilize limiting resources (James et al. 
1999). Competition in coastal marine vegetated communities has not received as much 
attention. Schoener (1983) reviewed all the field studies up to 1983 that had been 
performed on interspecific competition, and not one involved submersed macrophytes. 
Competition among SAV species may occur when different species have similarities in 
resource requirements, such as space, light and nutrients (McCreary 1991). In the 
estuarine environment, salinity gradients may further confound these interactions. 
Competition has been shown to occur among different SAV species in a variety of 
mesocosm experiments (Larson 2006, Barrat-Segretain and Eiger 2004, Moen and Cohen 
1989, Spencer and Ksander 2000, Van et al. 1999) and to a lesser extent, in field 
experiments (Titus and Stephens 1983, Williams 1987). The dynamics of competition in 
these systems becomes more complex with the introduction of invasive species.
The introduction of H. verticillata has played a major role in the recovery of the 
tidal Potomac River, as well as the recent increases observed in the Virginia tributaries of 
the Bay. H. verticillata is a submersed plant native to Southeast Asia. It has both 
monoecious and dioecious forms. The dioecious female was first documented in the 
United States in South Florida in 1960 (Blackburn et al. 1969), and has since spread 
throughout the southeastern United States and west to California and Washington. H.
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verticillata first appeared in the Chesapeake Bay in the tidal Potomac River in 1982, at 
the start of the river-wide resurgence, representing the first documented monoecious form 
in the United States (Steward et al. 1984). Within the past decade, H. verticillata has 
become a dominant species and integral part of the ecosystem in the Chickahominy, 
Mattaponi and Pamunkey Rivers, where large-scale SAV increases have occurred. The 
Piankatank has also experienced similar SAV increases without the introduction of this 
species.
The spread of non-native SAV species is not a new phenomenon to the 
Chesapeake Bay. Myriophyllum spicatum (Eurasian watermilfoil) was introduced to the 
United States from Europe between 1880 and 1900 (Rawls 1978). The exact year of its 
introduction into the Chesapeake Bay is not known, but its rapid expansion and 
dominance in the Susquehanna Flats and Potomac River was documented beginning in 
the late 1950’s and continuing into the early 1960’s (Orth and Moore 1984). Rawls 
(1978) reported a baywide increase from 20,200 hectares in 1960 to 40,500 hectares in 
1961. After 1962, this species rapidly declined and has not reached comparable densities 
since. As is the concern with the introduction of non-native species, the rapid spread of 
this species was associated with declines in native populations (Bayley et al. 1978). In 
contrast, similar associations have not been established between the introduction of H. 
verticillata and the decline of native species in the Bay. In fact, Rybicki and Landwehr
(2007) found positive correlations between H. verticillata and natives in the tidal 
Potomac, showing that in some cases invasives and natives can increase together at the 
landscape level.
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Objectives and Hypotheses 
Objectives
Due to the complex nature of SAV communities, understanding system-wide 
environmental conditions that are associated with the growth and species distribution in 
these tributary systems is a major challenge, particularly with the introduction of non­
native species into the ecosystem. However, there is a need to further gain insight into 
factors controlling community dynamics at a local scale in order to better manage these 
fragile systems, as well as to be able to predict changes that may occur in the future in 
response to continued anthropogenic stressors. Therefore, the objectives of this study 
were to examine the factors influencing the spread, persistence and species distribution of 
SAV communities within several freshwater and oligohaline regions of the Chesapeake 
Bay, particularly the Chickahominy River. This was accomplished by investigating three 
questions: 1) What are the patterns and rates of SAV bed development? 2) What are the 
relationships between these patterns and water quality and habitat conditions? 3) How 
are seasonal community dynamics affected by water quality, habitat conditions and 
interspecific competition?
Investigating these questions can provide insight into specific factors influencing 
the spread and species distribution of SAV in the tributaries of the lower Chesapeake 
Bay, particularly that of the invasive species H. verticillata. The Chickahominy River 
was chosen to be the focus for this study because of the recent growth of H. verticillata in 
the system, as well as species and environmental gradients that exist, where salinity and 
turbidity typically decrease upriver. Historical spatial SAV and water quality data were 
utilized in order to gain insight into the rates and patterns of spread throughout the
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Chickahominy, and to relate these patterns to water quality conditions in the river. A 
salinity model was developed with the objective of tracking salinity intrusion upriver, 
where historical data was not available, in order to better understand the influence of 
salinity on community dynamics within this system. Field monitoring and 
experimentation focused on separating the river into upper and lower sections, based on 
the differing water quality regimes as well as species distribution, in order to better 
understand the effects of these gradients on the community composition. Little is known 
about the dynamics of SAV in these small tributary systems, so using the Chickahominy 
River as a model system will provide small-scale detailed information that then can 
potentially be applied to other similar systems.
Hypotheses
Hi: No relationship will exist between the increase of SAV and water quality.
Hia: Years with high SAV abundance will be associated with improved water quality.
H2: Water quality and habitat conditions will have no effect on community composition 
within the beds.
H2a: Species distribution will be effected by water quality conditions.
H3: Site location of the competition experiment will have no effect on the growth of the 
three species.
H3a: Site location will have a significant effect which will vary by species.
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H41 The shoot length and biomass of the species grown in combination will not differ 
from their biomass when grown in monoculture.
H4a: Plants grown in monoculture will have greater shoot length and biomass than plants 
grown in combination.
14
METHODS
Background Surveys
During the summer and fall of 2006, preliminary data was obtained at the 
Piankatank (Figure 2), Mattaponi (Figure 3) and Chickahominy Rivers (Figure 4). The 
Piankatank was sampled in July, the Mattaponi in October, and the Chickahominy in 
August. After review of available aerial photography (Orth et al. 2006), a total of 6-10 
sites were selected per river and sampled for SAV biomass, sediment grain size and 
organic content, water column salinity, temperature, pH and dissolved oxygen, and secchi 
depth. These data was utilized for the selection of the tributary to be used for field 
monitoring and experimentation.
GIS: SAV Coverage/Water Quality
To determine the patterns and rates of SAV bed spread and development, 
historical VIMS annual aerial mapping surveys (Orth et al. 2007; VIMS unpublished 
data) were analyzed from the Chickahominy River. Aerial coverage began for this 
system in 1998, so analysis incorporated every year from 1998-2007 with the exception 
of 1999, when the river was not fully mapped. VIMS uses black-and-white aerial 
photography at a scale of 1:24,000 flown during peak biomass, which is typically from 
September to October for this freshwater system. The photography is scanned and
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orthorectified for onscreen analysis of SAV beds. The beds are outlined to create a 
Geographic Information System (GIS) digital database (Orth et al. 2007). Each bed is 
assigned a density class based on analysis of the photography, and species data is 
incorporated through ground truthing surveys.
Using ArcMap 9.2 (ESRI, 2007), the shoreline of the river was simplified so that 
analysis was only performed on the mainstem of the system. The river was merged into a 
single polygon feature, and divided into 25 meter grid cells. A line segment was created 
representing the mouth of the river, and a distance grid was calculated to obtain distance 
upriver (distance from the mouth) for each grid cell. SAV coverage data was imported 
along with species ground truth points, and these were joined using the spatial join tool. 
These were then converted to the grid format.
Water quality parameters were added to this spatial data using the Virginia 
Estuarine and Coastal Observing System’s (VECOS) continuous-underway, monthly, 
subsurface water quality sampling data (“Dataflow”; http://www2. vims.edu/vecos/) from 
2005-2007 for the Chickahominy River. The Dataflow system is a self-contained surface 
water quality sampling device which uses a YSI 6600 datasonde that takes samples every 
3-4 seconds. Samples are taken through a pipe that is deployed on a boat, which pumps 
surface water through the YSI sensors and then discharges the water overboard. The 
parameters measured included temperature, salinity, pH, fluorescence (as a measure of 
chlorophyll), dissolved oxygen, turbidity, time, depth, and latitude/longitude. For this 
study, this data was imported into ArcMap as a point dataset, with points representing 
different water quality parameters. Seasonal means, defined as April-October, were 
taken from the monthly cruises. Each of these parameters was then interpolated across
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the river using the Kriging function in the Geostatistical Analyst. When all of this was 
completed, the result was a grid format in which each 25x25m grid along the river had an 
associated salinity, turbidity, temperature and chlorophyll value, along with a distance 
upriver, SAV coverage, density, and any available species ground truth data. This data 
was exported into a Microsoft Access database.
Historical Water Quality
Historical water quality data was analyzed to determine the habitat conditions 
associated with SAV bed development. Along with the VECOS dataflow data mentioned 
earlier, data was utilized from the Chesapeake Bay Program (CBP) 
(http://www.chesapeakebay.net/data/index.htm). CBP has a fixed station in the 
Chickahominy River, RET5.1A, which is located at the mouth of the river. CBP began 
their Water Quality Monitoring Database in 1984. It incorporates 49 mainbay and 150 
tributary stations throughout the entire Chesapeake Bay. Stations are typically sampled 
once a month during winter months and twice a month during the warmer summer 
months. For this study, data was used from 1998-2007. Specific parameters that were 
investigated include: water temperature, salinity, chlorophylls, nutrients, light attenuation 
and secchi depth. Seasonal means (April -  October) were calculated as well as 
vegetation emergence period means. Vegetation emergence period was determined by 
temperature, and was defined as the month and the month following when temperatures 
reached 15°C, which is when experiments have shown these freshwater species, 
particularly H. verticillata, to sprout from tubers or germinate (Carter, et al., 1994;
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Steward and Van, 1987). Monthly flow data was obtained from the USGS Chesapeake 
Bay River Input Monitoring Program (http://va.water.usgs.gov/chesbay/RIMP).
A salinity model was developed in order to predict monthly salinity intrusion into 
the upper portion of the Chickahominy River, where historical data was not available. To 
do this, VECOS Dataflow salinity measurements for the Chickahominy River were 
separated by month. Salinity along the upper river was only available from 2005-2007, 
when Dataflow cruises were run for this system. Therefore, in order to model upriver 
salinity intrusion, monthly Dataflow means from April -  October 2005-2007 were 
obtained at every 5 kilometer section along the river. CBP monthly mean data (station 
RET5.1A) was plotted against the Dataflow monthly mean data for each river segment to 
develop a linear relationship. Separate equations were obtained for each 5 kilometer 
segment, and these were used to predict salinities upriver during previous years (1998- 
2004) when no data other than the CBP fixed station was available. When salinity at the 
CBP station was 0, the data was left out of the model analysis and assumed to be 0 along 
every river segment.
Field Study
The Chickahominy River was chosen to be the focus for the field investigations in 
order to better understand the seasonal SAV community dynamics relative to water 
quality conditions and interspecific competition. Reasons for the selection of this river 
were based on a shift in dominant species along a salinity and turbidity gradient. The 
2006 survey determined that H. verticillata dominated in the upper river while C. 
demersum and N. minor dominated in the lower portion (Figure 5).
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The Chickahominy River is a tributary of the James River, which is itself a 
tributary of the Chesapeake Bay in Virginia. The watershed consists of over 121,000 
hectares and includes parts of Henrico, Hanover, New Kent, James City and Charles City 
Counties as well as the city of Richmond (Syphard and Garcia 2001). The headwaters of 
the river are located northwest of the city of Richmond, but the tidal portion of the river is 
limited to a 35 kilometer section running from Walker’s Dam to the confluence with the 
James River. The lower portion of the tidal river is largely undeveloped and lined with 
freshwater marshes consisting of communities of Peltandra virginica (arrow-arum), 
Zizania aquatica (northern wild rice), Zizaniopsis miliacea (giant cutgrass) and Hibiscus 
moscheutos (marsh hibiscus) (Yozzo and Smith 1995). The upper portion of the tidal 
river has a densely populated shoreline, part of which encompasses the Chickahominy 
Haven residential development as well as a number of marinas.
Biomass Sampling
Eight stations along the river were chosen for biomass and sediment sampling, as 
well as four stations for water quality sampling (Figure 6 ), in order to quantify the 
seasonal habitat conditions and species development. The stations were chosen based on 
historical photographs (Orth et al. 2006), with the goal of choosing vegetated sites 
spanning the entire river. Biomass sampling was started at the beginning of the SAV 
growing season in May 2007, and was repeated approximately monthly through January 
2008, with the exception of the month of December. Three samples per site were taken 
haphazardly. All SAV biomass, including any belowground material, within a 20 cm. 
diameter ring was sampled and brought back to the lab and dried in a 60°C oven for
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approximately 1 week, until constant weights were obtained for dry weight 
measurements.
Sediment Characterization
Sediment sampling was also initiated in May 2007 and repeated approximately 
monthly through January 2008 at the times of biomass sampling. During the May trip, 
three sediment samples per site were haphazardly gathered by hand and placed in plastic 
bags for determination of organic content through loss on ignition (Erftemeijer and Koch
2001). In June, this method was replaced with the use of three 11.4 cm diameter sediment 
cores taken at each site and brought back to the lab for organic content and N H / and 
.PC>43‘ analysis. The cores were sectioned into 0-2cm and 2-5cm segments. One quarter of 
each of these sections were placed in pre-weighed 2M KC1 bags, placed on the shaker for 
1 hour, centrifuged for 6  minutes at 4000RPM, filtered through 25mm syringe filters, and 
frozen for later analysis. NH4+ concentrations were determined using a Lachat auto 
analyzer (Liao 2001, revised 2002) and PO43' concentrations were determined 
spectrophotometrically at 880nm (VIMS 1991). The remaining sample was dried, 
weighed and combusted for organic content analysis. In August, three samples at each 
station were taken for grain size analysis. Pipette analysis was performed to obtain silt (4 
phi) and clay ( 8  phi) fractions, which was compared with the sand fraction for 
determination of percent sand, silt and clay (modification of Plumb, 1981).
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Water Quality Measurements
Beginning in May 2007, replicate surface water samples were taken at each of the. 
four water quality stations. Samples were brought back to the lab and filtered onto GF/F 
filters, stored in the dark for 24 hours in 45:45:10 dimethyl sulfoxide:90%acetone:l% 
deithylamine, and run on a fluorometer for chlorophyll a determination (Shoaf and Lium 
1976). Beginning in June, samples were also filtered through 25mm syringe filters and 
frozen for nutrient analysis. NO3', NO2', NH4+ and PO43' were determined using a Lachat 
auto analyzer (Liao 2001, revised 2002; Knepel and Bogren 2001, revised 2002; Smith 
and Bogren 2001, revised 2002). Additionally, water samples were filtered onto pre­
combusted and weighed GF/F filters, the filters were dried for approximately 1 week, 
weighed, combusted for 5 hours at 500°C, and weighed again for determination of both 
total suspended solids (TSS) and total organic solids. Finally, during each field visit, 
water temperature, salinity, dissolved oxygen and pH were recorded using a handheld 
YSI 6820 V2 (Yellow Springs Instrument, Inc.).
Mattaponi/Piankatank 2007 Sampling
A follow-up to the July 2006 Piankatank and October 2006 Mattaponi preliminary 
sampling was performed in the Piankatank (Figure 2) and Mattaponi (Figure 3) Rivers 
during September of 2007. The same sites were sampled as in 2006. Three biomass 
cores per site were collected as well as sediment for organic analysis, and duplicate 
subsurface water samples were taken for NO3', NO2’, N H / and PO43', chlorophyll a and 
total suspended and total organic solid measurements.
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Field Experiment
In mid-July, a field experiment was initiated in order to investigate the role of 
environmental conditions as well as interspecific competition in shaping the SAV 
community. Two sites were chosen for the experiment in upper and lower regions of the 
river in order to examine the maximum range of conditions found along the estuarine 
gradient of salinity and turbidity (Figure 7). The downriver site (1) was located at 
sampling station 1 (37.2880 N, 76.8643 W) and the upriver site (2) was located near the 
VECOS Chickahominy Haven fixed monitoring station (37.3756 N, 76.9070 W). The 
sites were chosen for their large bed size, diversity of species, and shallow depth (< lm at 
low tide). A YSI 6600 datasonde was deployed at sampling site 2, near the mouth of the 
river, from 7/16/07 -  8/1/07 and from 9/17/07 -  9/26/07. Continuous 15 minute 
measurements of temperature, salinity, pH, dissolved oxygen and chlorophyll were taken. 
Data from the VECOS permanent station upriver sonde, recording the same parameters 
as site 1, was used to characterize the conditions at site 2.
At each site, an area approximately 33.3 m2 was cleared of all vegetation. 0.25m2 
circular plots were set up in an 8x3 grid. Landscape edging was used as a below ground 
barrier to prevent outside rhizomes from entering each of the plots. PVC was attached to 
one side of each plot to both anchor and identify the plots, and rebar was driven into the 
sediment and hooked over the other side of each plot for further anchoring support. A 
total of 12 plants approximately 25 cm in length were planted in a replacement series 
design according to 8 treatments:
1. H. verticillata monoculture (12 Hv plants)
2. C. demersum monoculture (12 Cd plants)
22
3. N. minor monoculture (12 Nm plants)
4. H. verticillata and C. demersum biculture ( 6  Hv and 6  Cd plants)
5. H. verticillata and N. minor biculture ( 6  Hv and 6  Nm plants)
6 . C. demersum and N. minor biculture (6  Cd and 6  Nm plants)
7. All three in triculture (4 of each)
8 . Control -  no plants
The location of the treatments within the grass beds were assigned randomly, and three 
replicates of each were established for a total of 24 plots in each of the two beds (Figure 
8 ). The plots were harvested by hand in mid September. This time frame was chosen to 
allow the plants enough time to react to the treatments, while also limiting the amount of 
overgrowth from outside plants. Once the plants were brought back to the lab, 
individuals were counted and measured, and dry weights were obtained for each sample. 
Dry weights were determined by drying in the oven at 60°C for approximately one week, 
or until a constant weight was established.
Three sediment cores and duplicate water samples were taken at both sites during 
the monthly sampling on 8/15/07 and 9/12/07. Samples were processed as described 
earlier for the biomass stations to obtain sediment organic, sediment NH4+ and PO43', 
water column TSS, chlorophyll a and water column NOs‘, NO2', NH4+ and PO43’. 
Additional sediment samples were also taken on 8/15/07 for grain size analysis. In order 
to test for possible affects of disturbing the sediment through plant removal and planting 
during the set-up of the experiment, the conditions were simulated at site 1 in October. 
Three sediment cores were taken as usual, and then the area was manually disturbed and 
three post-disturbance cores were taken for organic and nutrient analysis.
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Data Analysis 
Historical Data
Historical SAV abundance data was investigated graphically by analyzing total 
SAV hectares as well as percent occupied available bottom. Percent available bottom 
was defined as all areas less than 2 meters in depth. The river was divided into 35 
1-kilometer sections to analyze the kilometer-specific yearly changes. VECOS Dataflow 
water quality data for 2005-2007 were divided into 2 sections: upper river (kilometers 18- 
35) and lower river (kilometers 1-17). Salinity, turbidity and chlorophyll data were 
analyzed to test for differences between these two areas. 2-sample t-tests were conducted 
when the data was normally distributed and variances were similar between the two sites. 
2005, 2006 and 2007 turbidity and 2006 and 2007 salinity data was square-root 
transformed to meet these assumptions. 2005 chlorophyll data could not be normalized, 
so a Mann-Whitney non-parametric test was performed. Relationships between yearly 
SAV abundance and mean water quality parameters were tested using correlation 
analysis. Correlation analysis was also used to test for relationships between SAV 
abundance in the lower/upper river section and water quality parameters for 2005-2007, 
when high-resolution water quality data was available.
Field Data
Chickahominy January 2008 field data was not included in analyses, because 
plants occurred in floating, largely unrooted mats, so this month was not considered to be 
part of the growing season. For all other months, chlorophyll a, TSS, and water column 
nutrient samples were divided into lower river (sites W1 and W2) and upper river (sites
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W3 and W4) areas. Salinity, sediment nutrient and sediment organic data was also 
divided into lower river (sites 1-3) and upper river (sites 4-8) sections. Normality of all 
data was tested visually with probability plots and quantitatively using a Ryan-Joiner 
normality test, and homogeneity of variance was tested using a Levene’s Test. When the 
data fit these assumptions, 1-way ANOVAs were run for every month with area (upper or 
lower) as the predictor variable. Sediment data was analyzed with 2-way ANOVAs with 
area and depth as the predictor variables. When data did not meet the ANOVA 
assumptions, transformations were applied. Water column P 0 43' and sediment NH4+ data 
were square-root transformed. Transformations on salinity, chlorophyll, water column 
NOxand NH4, and sediment organic content still did not meet ANOVA assumptions, so a 
Kruskal-Wallis non-parametric test was performed.
Biomass data is presented for all 3 species as the percent of maximum biomass for 
each species to analyze species-specific distributions in relation to site and month.
Percent of maximum biomass was calculated by obtaining a mean for all months at each 
site, and dividing the means by the site mean which had the maximum biomass, so that a 
biomass of 1 corresponds with the site with the greatest biomass. Similarly, the same 
thing was done to examine the seasonal distributions, by averaging all of the site data for 
each month, and dividing each mean biomass by the month with the maximum biomass.
Biomass and water quality/sediment parameters were divided into upper and 
lower river segments, and monthly differences were calculated between these two areas 
for the individual biomass of H. verticillata, N. minor and C. demersum as well as all 
measured parameters. Linear regression was performed using the difference in water 
quality/sediment parameters between the two areas as the dependent variable, and the
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biomass difference as the independent variable. This was done for all three species and 
for salinity, TSS, chlorophyll, water column and sediment nutrients, and sediment 
organic content.
September Chickahominy data was used to compare with the Mattaponi and 
Piankatank September sampling data for 2007. 1-way ANOVAs were run with site as the 
predictor and water quality and sediment parameters as the response variables.
Normality of all data was tested visually with probability plots and quantitatively using a 
Ryan-Joiner normality test, and homogeneity of variance was tested using a Levene’s 
Test. Water column nutrient data was transformed using the reciprocal in order to 
normalize the data, and the salinity data was square-root transformed.
Field Experiment
1-way ANOVAs were run for all species testing control plots vs. monoculture 
plots. 2-way ANOVAs were run on the H. verticillata and N. minor biomass and length 
data. Treatments involving C. demersum were not analyzed because this species did not 
survive in all of the plots in which it was planted. The ANOVAs were run with H. 
verticillata biomass as the response variable and site (1 and 2) and treatment (H. 
verticillata monoculture and H. verticillata/N. minor biculture) as the predictors, N. 
minor biomass as the response variable and site and treatment (N. minor monoculture and
H. verticillata/N. minor biculture) as the predictors, and these same analyses using length 
as the predictor variable for both species. Water quality from the two YSI datasonde 
stations as well as sediment and field water samples were analyzed for differences 
between site 1 and site 2 using 2-sample t-tests. Normality for all analyses was tested
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visually using probability plots as well as quantitatively using a Ryan-Joiner normality 
test, and homogeneity of variance was tested using a Levene’s Test.
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RESULTS
Background Surveys
Five different species were identified in the Piankatank, Mattaponi and 
Chickahominy Rivers during 2006 sampling. H. verticillata was found in the Mattaponi 
(maximum biomass 489 g DW m'2, sampled in October) and Chickahominy (maximum 
biomass 909 g DW m‘2, sampled in August). N. minor was only found in the 
Chickahominy (maximum biomass 375 g DW m'2). C. demersum was found in all three 
rivers, and was most dominant in the Piankatank (maximum biomass 500 g DW m' , 
sampled in July). P. pusillus and E. canadensis were only found in the Piankatank, with 
a maximum biomass of 169 and 383 g DW m'2, respectively (Table 1).
While the sediment characteristics did not vary greatly, each tributary had 
differing salinity regimes. Salinity in the Piankatank ranged from 0.24 at site 1 with E. 
canadensis dominating, to 5.2 at site 6 with C. demersum dominating. All sites at the 
Mattaponi River had salinities of 0.03 with H. verticillata dominating. Finally, the 
Chickahominy River salinity ranged from a low of 0.09 at site 1 with H. verticillata 
dominating, to 2.57 at site 10 with N. minor dominating. Along with this salinity 
gradient, the Chickahominy also exhibited a water clarity gradient, with secchi depths 
ranging from a low of 0.55 m in the lower river at sites 1 and 2, to a high of 1.1 m in the 
upper river at sites 8-10.
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Chickahominy Historical SAV
SAV abundance in the mainstem of the Chickahominy River exhibited 
interannual variability from 1998 to 2007, with a general increasing trend from 2003- 
2007 (Figure 9). Total hectares varied from a minimum of 53.8 in 2002 to a maximum of
296.9 in 2007. When the total abundances were separated into density class distribution, 
density class 4 (70-100% cover) predominated in all years except 2002 and 2003, in 
which density class 3 (40-70% cover) was the most abundant (Figure 10).
Because initial observations in 2006 suggested that the upper and lower part of 
the Chickahominy River differ both in water clarity and salinity, the two sections were 
analyzed separately to observe any differences in total SAV and yearly trends between 
the two areas. The upper section incorporates kilometers 18-35, and the lower section 
kilometers 1-17, based on distance from the river mouth. The lower river section had 
higher SAV abundance from 1998-2003, but this trend switched from 2004-2006, where 
the upper river section had greater abundance, and then switched back to the lower river 
predominating again in 2007 (Figure 11). These trends are quite different when the data 
is viewed in terms of percent available bottom occupied by SAV (Figure 12). During 
every year except 1998, the upper river had a greater proportional coverage of available 
bottom than the lower river. The lower river is wider, with 855 hectares of total available 
bottom, compared to the upper river which is much narrower, with 257 hectares of total 
available bottom. Using both analyses, 2007 was the year of maximum SAV for both 
upper and lower portions of the river, with total SAV reaching 126 hectares and 49 
percent available bottom covered in the upper river, and 171 hectares and 20 percent 
available bottom covered in the lower river.
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SAV abundance data was then further analyzed for smaller-scale river-wide 
changes. For this analysis, the river was divided into 35 1-kilometer sections. Table 2 
shows the maximum percent available bottom SAV covered that was calculated for any 
given kilometer section. The data was then separated into 2 time periods to analyze 
changes in SAV abundance and distribution at the kilometer scale. The time periods 
were between 1998 and 2002, which marked the period of decline, and between 2002 and 
2007, which marked the period of subsequent resurgence. Data are presented both as 
change in total SAV hectares and change in percent available bottom occupied by SAV. 
Change in total hectares between 1998 and 2002 shows that the majority of the decline 
occurred in the lower half of the river, with only 4 kilometers along the river showing 
slight increases in SAV abundance (Figure 13a). Between 2002 and 2007, no kilometer 
section showed a decline (Figure 13b). The upper river experienced increases up to 15 
hectares per kilometer section, but dramatic increases also occurred in the lower river 
between kilometers 7-9, where a total of approximately 105 hectares of SAV emerged.
The data was then normalized by accounting for the total available bottom 
differences between the upper and lower river, by expressing SAV abundance as a 
percent of available bottom occupied. A similar trend appears for 1998-2002, in which 
much of the decline occurred in the lower half of the river (Figure 14a), but a slightly 
different picture emerges for 2002-2007. This shows the majority of the resurgence 
occurring in the upper half of the river, with some sections experiencing over an 80% 
increase in bottom cover (Figure 14b). Kilometer sections 8-10 increased between 20 
and 45%. The overall change between 1998 and 2007 showed the largest increase in total 
SAV, 27.13 hectares, at kilometer 8 (Figure 15), while the overall change in occupied
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percent available bottom showed the largest increase at kilometer 32 (92.11%) (Figure 
16).
Ground truth species surveys first documented H. verticillata in the 
Chickahominy River in 2000. Table 3 shows the furthest downriver kilometer where it 
was documented for each year. In 1998, no SAV occurred above 28 km, but after the 
introduction of H. verticillata, SAV was found at kilometer 33, and eventually to the final 
kilometer 35 in 2005. When H. verticillata was first documented in 2000, ground truth 
points did not report it growing below kilometer 21. In 2001 its progression had moved 
down to kilometer 17 and then back up to kilometer 23 in 2002. H. verticillata was not 
absent from the lower river for long, as it was documented in kilometer 6 in 2004 and 
continued to exist in the lower river up to 2007.
Salinity Model
Linear regression analysis of monthly CBP salinity data from 2005-2007 versus 
monthly dataflow salinity data at every 5 kilometer river segment produced 7 different 
regression equations, with r2 values ranging from 0.86 for river segment 31-35 km, to 
0.91 for segments 11-15 km and 16-20 km (Figure 17a). When these equations were 
applied to CBP salinity data from earlier years, modeled salinities in the uppermost two 
river segments (26-30 km and 31-35 km) never exceeded 1 psu. During a historic 
drought year in 2002 when salinity in the lower river reached 7.9 psu, the model 
predicted salinity levels reaching 6.8 psu in river segment 6-10 km, 4.8 psu in segment
11-15 km, 2.8 psu in segment 16-20 km, and 1.8 psu in segment 21-25 km before 
decreasing below 1 psu in the upper 2 segments (Figure 17b).
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Water Quality
Yearly growing season mean (April-October) and vegetation emergence period 
mean water quality values were calculated from the Chesapeake Bay Program station 
RET5.1A for chlorophyll, salinity, temperature, total dissolved nitrogen (TDN), total 
dissolved phosphorous (TDP), downwelling light attenuation (Kd) and secchi depth, and 
from the USGS for river flow (Table 4). Chlorophyll values exhibited a slight decreasing 
trend over time, ranging from a maximum of 21.8 pg f 1 in 2001 to a minimum of 9.1 pg 1' 
1 in 2005. Salinity increased in 2002 to a seasonal mean of 4.1 psu, and was reduced to 0 
psu in 2003 and 2004. Temperature remained within a narrow range from 22.0 °C to
24.9 °C. TDN increased from its lowest value in 1998 (0.29 pM) to its highest in 2003 
(0.52 pM) and then gradually declined back down to 0.34 pM in 2007. TDP 
demonstrated no trends, ranging from a minimum of 0.02 pM in 2005 to a maximum of 
0.04 pM in 2000. Kd showed an overall gradually increasing trend, with a minimum of 
2.6 in 2000 to 3.7 in 2007. Secchi depth showed no yearly trend, ranging from a 
minimum 0.41 m in 2003 and 2006 to a maximum of 0.62 m in 2000. Yearly seasonal 
mean flow spiked in 2003 (18.1 m3 s’1) and 2004 (17.7 m3 s’1), while 2002 was the lowest 
flow year at 1.8 m s' .
Seasonal means from April through October of the monthly spatial water quality 
data from the VECOS Dataflow monitoring were calculated for years 2005, 2006 and 
2007. Means were calculated for each kilometer, and data is reported as mean upper 
river (kilometers 18-35) and mean lower river (kilometers 1-17) (Figure 18). The upper 
river had consistently significantly lower turbidity (2005: T = 9.20 p < 0.001; 2006: T= 
8.95, p < 0.001; 2007: T = 9.52, p < 0.001) and salinity values (2005: T = 10.51, p <
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0.001; 2006: T = 11.11, p<0.001; 2007: T = 10.51, p < 0.001) than the lower river for all 
years, and significantly lower chlorophyll values in 2005 (W = 192.0, p < 0.001) (Figure 
18). However, 2006 showed a switch in the chlorophyll trend, with the upper river 
having higher values (T = 2.72 p < 0.05), and 2007 showed no difference (T = 0.99, p = 
0.328). Although the chlorophyll data shows significant differences, the means are quite 
close to each other, with the largest difference occurring in 2005, where the upper river 
had a seasonal mean of 7.73 ug I'1 and the lower of 8.87 ug f 1. Turbidity on the other 
hand showed larger differences, with the maximum in 2006, where the upper river had a 
seasonal mean of 7.5 NTU and the lower a mean of 22.0 NTU.
Water Oualitv/SAV Relationships
No significant correlations were found between yearly total SAV hectares and 
yearly seasonal mean (April -  October) water quality. A rise in salinity in 2002 
corresponded with the SAV die-off during that year (Figure 19), but the overall 
correlation was not significant. Salinity broken down by month showed that an initial 
increase occurred in December 2001, where salinity reached 7.5, but then fell to 0.5 in 
May of 2002. Subsequently another spike occurred, increasing from 0.5 to 7.9 in 
October, falling again to 0 in January of 2003. When the water quality data was separated 
into vegetation emergence period, which incorporated the month and the following month 
in which temperatures reached 15°C, mean vegetation emergence period secchi depth 
was positively correlated with total SAV (Pearson correlation = 0.72; p < 0.05) (Figure 
20).
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Total SAV hectares for the upper river remained constant from 2005-2007, while 
the lower river showed variability, with SAV declining from 84 to 49 hectares from 
2005-2006 and then jumping up to 171 hectares in 2007. SAV in the lower river showed 
a positive significant correlation with seasonal (April to October) salinity (Pearson 
correlation -  1; p < 0.05) (Figure 21). Turbidity increased from 2005-2006 when SAV 
decreased, and turbidity decreased from 2006-2007 when SAV increased, but the Pearson 
correlation (-0.836) was not significant (Figure 22).
Field Water Quality
2007 mean Chickahominy water temperatures for all sites were 21.3 °C in May 
and increased to a maximum of 29.1 °C in August before declining to 11.0°C in 
November. Salinity remained fairly constant along the river from May through July, 
remaining below 1 psu at every site (Figure 23a). In August, a gradient began to form, 
with salinity increasing downriver. Values ranged from 2.6 at site 1 to 0.09 at site 8. 
These values remained largely unchanged in September, but in October salinity increased 
to 4.8 at site 1 and decreased to 0.36 at site 8. Values remained high in November, 
ranging from 4.1 at site 1 to 0.10 at site 8. When all sites were averaged, October was the 
month with the highest mean salinity (2.6 psu) and May was the month with the lowest 
(0.07 psu). When all months were averaged, site 1 had the highest mean salinity of 2.2 
psu and site 8 had the lowest average salinity of 0.11 psu. Monthly data was analyzed for 
comparisons between the upper and lower river sites, and the lower river had 
significantly greater salinity in all months except May (H = 5.00, p < 0.05) (Figure 23b).
Chlorophyll varied both spatially and temporally (Table 5). Seasonally, May had
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the highest concentrations at all sites except site 4, and June had the lowest 
concentrations at all sites. The maximum mean concentration among all sites was in May 
(39.2 pg 1‘1), and the minimum mean concentration was in June (13.7 pg I"1). Monthly 
chlorophyll data was analyzed for differences between the upper river (sites 3 and 4) and 
the lower river (sites 1 and 2). The upper river had significantly greater concentrations in 
June (H = 4.08, p < 0.05), and the lower river had significantly greater concentrations in 
October (H = 5.33, p < 0.05) and November (H = 5.40, p < 0.05).
Total suspended solids (TSS) also showed spatial and temporal variations (Table
5). May had the highest concentrations at all sites and November had the lowest, with the 
exception of site 3. The maximum mean TSS of all sites was in May at 19.8 mg I' 1 and 
the minimum mean was in November at 3.9 mg I'1. There was a general trend of 
decreasing concentrations upriver. Downriver sites 1 and 2 were very similar, with 
seasonal mean values of 17.1 mg f 1 and 17.9 mg f 1, and upriver sites 3 and 4 were 
similar with means of 9.9 mg f 1 and 9.3 mg I'1. The portion of suspended solids that 
were organic also showed a spatial trend of increasing upriver. Sites 1 and 2 were similar 
at 55.5 and 54.5%, and this increased to 69.7% organic at site 3, and 93.6% organic at 
site 4. When the monthly TSS data was averaged into upper and lower river sites, the 
lower river had significantly greater concentrations in May (F = 74.3, p < 0.001), July (F 
= 11.99, p < 0.05) and August (F = 43.15, p < 0.005).
Concentrations of NOx (NCV + NO3 ) in the water column were highest in 
November for sites 1, 2 and 4, while site 3 had the highest concentrations in July (Table
6 ). The only significant difference between NOx in the upper (sites 1 and 2) and lower 
(sites 3 and 4) river was in October (H = 5.33, p < 0.05) and November (H = 5.33, p <
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0.05), where the lower river had higher concentrations. Water column NH4+ showed no 
clear patterns, with site 1 at a maximum concentration in October, site 2 and 3 in July, 
and site 4 in November (Table 6). Averaged upper and lower river NH4+ data showed no 
significant differences between the two sections. Similar to N H /, water column PO43' 
showed no clear patterns, with site 1 and 4 at a maximum concentration in September, 2 
in August, and 3 in July (Table 6). PO43' concentrations showed the greatest differences 
between the upper and lower river. The lower river had significantly higher 
concentrations in June (F = 110.30, p < 0.001), July (F = 7.01, p < 0.05), August (F = 
53.81, p < 0.001) and October (F = 27.52, p < 0.005).
Sediment Characterization
Grain size analysis based on sand, silt and clay ratios showed that all sites except 
5 and 8 were dominated by clays, while site 5 was dominated by sand and 8 was 
dominated by silts (Table 7). Sand fractions ranged from 4% at site 2 to 90% at site 5, 
silts ranged from 5% at site 5 to 49% at site 8, and clays ranged from 6% at site 5 to 61% 
at site 2. Both lower and upper river sections were dominated by clays. The 3 lower sites 
had a mean of 10% sand, 35% silt and 53% clay, while the 5 upper sites had a mean of 
31% sand, 32% silt, and 38% clay.
Sediment organic content showed no prominent seasonal or spatial trends (Table 
8). Sites 1, 3 and 4 had maximum concentrations in May, sites 2 and 6 in June, site 7 in 
October, and sites 5 and 8 in November. Site 5 remained consistently the lowest organic 
site throughout every month, ranging from 1.2% in July to 6.5% in November. This site 
stood out, as all other sites had seasonal mean organic content above 10%. When the
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river was separated into upper and lower portions, no significant depth or site differences 
were found for any month between these two areas.
Seasonally, sediment NH4+ concentrations averaged across all sites and depths 
ranged from a minimum of 61.9 pM in July to a maximum of 137.5 pM in November 
(Table 9). Spatially, site 5 had the lowest concentration at 58.4 pM averaged across all 
months, and sites 3 and 4 had the highest at 141.4 pM and 141.1 pM, respectively. When 
data was separated into upper and lower rivers, the lower river had significantly higher 
NH4+concentrations in September (F = 7.05, p < 0.05) and October (F = 8.91, p < 0.05). 
Depth was not significant for any month. Sediment PO43' concentrations averaged across 
all sites and depths ranged from a minimum of 0.02 pM in July to a maximum of 1.31 
pM in September (Table 10). Spatially, site 2 had the lowest concentration (0.34 pM) 
and site 6 had the highest concentration (1.12 pM). The upper river had significantly 
greater concentrations than the lower river in June (F = 25.14, p < 0.001), July (F =
14.27, p < 0.005) and September (F = 9.09, p < 0.01). Depth differences also emerged, 
with 2-5 cm depth having greater concentrations than 0-2 cm depth in June (F = 6.24, p < 
0.05) and November (F = 6.20, p < 0.05).
Biomass
Four species were identified in the Chickahominy River between May and 
November of 2007: H. verticillata, N. minor, C. demersum and P. pusillus. H. 
verticillata and N. minor were dominant species in the river, while C. demersum was 
sparse and P. pusillus was extremely sparse and only present in samples at sites 2 and 3
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in May, and sites 1 and 3 in June. Because of this, P. pusillus was not included in any 
analyses.
All species reached their maximum measured biomass at different times of the 
year. H. verticillata was the most abundant species, reaching its maximum biomass of 
942.5 g DW m'2 at site 8 in October, N. minor reached its maximum of 224.4 g DW m'2 
at site 2 in July, and C. demersum reached its maximum of 109.7 g DW m'2 at Site 2 in 
September (Table 11). When the site data was averaged together, the maximum mean
biomass for H. verticillata was 426.1 g DW m‘2 in October, the maximum for N. minor
2  2 •was 67.2 g DW m' in August, and the maximum for C. demersum was 20.5 g DW m' m
September (Figure 24a). When the seasonal data was averaged, the maximum mean
biomass for H. verticillata was 400.8 g DW m'2 at site 7, the maximum for N. minor was
2 2 71.0 g DW nf at site 2, and the maximum for C. demersum was 20.8 g DW m' at site 2
(Figure 24b). Overall, these species exhibited very different growth dynamics, both
spatially and temporally (Figure 25). H. verticillata peaked in October, N. minor in
August, and C. demersum in September. The majority of biomass for H. verticillata was
distributed in the upper river, at sites 4-8, N. minor was distributed mainly in the lower
river, at sites 1-4, and C. demersum was sparsely distributed along the entire river, with
the majority of its biomass at site 2.
Comparisons of upper and lower river sections showed the maximum H.
verticillata biomass difference to be in October. During this month, the lower river had a
2 2mean biomass of 59.7 g DW m' , while the upper river had a mean of 646.0 g DW m'
(Figure 26a). N. minor biomass differences were greatest in July, with the lower river
having a mean of 144.2 g DW m'2 and the upper river a mean of 6.0 g DW m‘2. C.
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demersum exhibited a maximum biomass difference in September, with the lower river at 
40.4 g DW m'2 and the upper river at 8.5 g DW m'2. Regression analysis comparing the 
monthly biomass difference between the upper river sites (4-8) and lower river sites (1-3) 
with the difference in water quality parameters between these two sites showed H. 
verticillata biomass and salinity to be the only significant relationship (r = 0.85, p < 
0.01) (Figure 26b).
Mattaponi/Piankatank
Similar to the October 2006 sampling, H. verticillata was the dominant species in 
the Mattaponi during September 2007, reaching a maximum biomass of 1854.0 g DW 
m'2 at site 1, which is its greatest measured biomass during this study (Figure 27a). Site 3 
was a new site that was not sampled in 2006, and contained a combination of H.
9 9verticillata and V americana (255.6 g DW m‘ and 264.0 g DW m ', respectively). The 
mean temperature was 28.3 °C, and similar to 2006, salinity remained < 1 psu at all sites, 
ranging from 0.65 at site 1 to 0.11 at site 6. Secchi depth ranged from 0.86 m at site 1 to
1.55 m at site 5. Chlorophyll showed no spatial patterns, ranging from 6.6 pg I'1 at site 4 
to 13.6 pg F1 at site 1. Both TSS and sediment organic content generally decreased 
upriver, with TSS values ranging from to 17.6 mg F1 at site 1 to 1.0 mg I'1 at site 5, and 
percent organic ranging from 13.9 % at site 2 to 4.2 % at site 6. Site 6 had the greatest 
concentration of water column NOx, N H / and PO43'. NOx ranged from 0.24 pM at site 2 
to 1.48 pM at site 6, N H / ranged from 0.25 pM at site 5 to 0.60 pM at site 6, and PO43' 
ranged from 0.09 pM at site 4 to 0.15 pM at site 6.
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Only three of the sites were vegetated in the upper Piankatank during September 
2007 sampling. The same species were present: C. demersum, E. canadensis and P. 
pusillus (Figure 27b). C. demersum was dominant at site 4 with 364.0 g DW m' , and P. 
pusillus was dominant at sites 5 and 6 , with 96.9 g DW m'2and 46.5 g DW m' 2 
respectively. The mean temperature was 27.1 °C. Salinity ranged from 7.51 psu at site 1, 
which was vegetated in July 2006 but unvegetated in September 2007, to 3.51 psu at site
6 . The three vegetated sites had salinities of 3.51, 3.60, and 4.15 psu. Chlorophyll and 
TSS concentrations were both fairly uniform along the river, ranging from 35.4 to 41.9 
pg I' 1 and 8 .8  to 11.3 mg f 1 respectively. Sediment organic content was taken at the 3 
vegetated sites, and ranged from 11.0 % at site 4 to 17.1 % at site 6 . Mean water column 
NOx was 0.25 pM, mean N H /w as 0.30 pM, and mean PO43" was 0.26 pM.
River comparisons of water quality and sediment differences were made using 
data from the Mattaponi and Piankatank September 2007 sampling, and the 
Chickahominy September 2007 sampling (Table 12). The Piankatank (4.75 psu) had 
significantly higher salinity than both the Mattaponi (0.29 psu) and Chickahominy (1.21) 
(F = 27.64, p < 0.001). Chlorophyll also varied among rivers, with the Piankatank (38.3 
pg I'1) having higher concentrations than both the Mattaponi (9.2 pg f 1) and the 
Chickahominy (25.1 pg F1), and the Chickahominy having higher concentrations than the 
Mattaponi (F = 145.77, p < 0.001). Significant differences were also found for water 
column P 0 43‘, where the Mattaponi (0.12 pM) had lower concentrations than both the 
Piankatank (0.26 pM) and the Chickahominy (0.24 pM) (F = 11.08, p < 0.05). No 
significant differences were found for the other parameters (water column NOx, NH3', 
sediment organic and TSS).
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Field Experiment
Differences in plant growth were apparent between Sites 1 (lower river) (Figure 
28a) and 2 (upper river) (Figure 28b) for the field experiment. When the species were 
averaged across all treatments, the most abundant species at Site 1 was N. minor and the 
most abundant at site 2 was H. verticillata. At Site 2, H. verticillata had a mean biomass 
of 14.2 g DW plot'1 compared with 0.3 g DW plot'1 at Site 1. N. minor was most 
abundant at Site 1, with a mean biomass of 1.5 g DW plot"1 as compared with a mean of 
0.7 g DW plot'1 at Site 2. Like H. verticillata, C. demersum was most abundant at Site 2, 
but in much lower numbers, with a mean biomass of 0.3 g DW plot'1 compared with 0.01 
g DW plot'1 at Site 1. Length data showed similar patterns for site 1 (Figure 29a). When 
all treatments were averaged, N. minor had the greatest mean length of 17.5 cm, followed 
by H. verticillata with a mean length of 12.6 cm, and C. demersum with a length of 2.0 
cm (only present in one treatment plot). Site 2 length data also followed biomass trends, 
with H. verticillata having the greatest mean length of 41.2 cm, followed by C. demersum 
and N. minor at 37.8 and 35.2 cm, respectively (Figure 29b). Unlike the biomass data, all 
species at site 2 had greater mean lengths than at site 1.
Outside growth occurred in all plots, as indicated by the growth in the control 
plots in which nothing was originally planted. Similar to the treatments, N. minor had the 
greatest growth of all species in the site 1 control plots, and H. verticillata had the 
greatest growth in site 2 control plots. At site 1, H. verticillata biomass was 0.1 g DW in 
the control plot compared with a biomass of 0.8 g DW in monoculture treatment (F = 
13.90, p < 0.05). N. minor had greater growth in the control plot (1.6 g DW) compared 
with its biomass in monoculture treatment (1.4 g DW), but results were not significant,
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and C. demersum had no growth in control plots or in monoculture treatment. At site 2, 
all species had greater biomass in monoculture treatment than in control plots, but results 
were not significant for any species. H. verticillata had a mean biomass of 11.9 g DW in 
the control plots compared with 25.4 g DW in monoculture, N. minor had a mean 
biomass of 0.4 g DW in control plots compared with 1.5 g DW in monoculture, and C. 
demersum had a mean biomass of 0.01 g DW in control plots compared with 1.0 g DW in 
monoculture.
C. demersum was not present in all of its treatment plots, so treatments involving 
this species were left out of the analysis. Therefore, the analysis consisted of H. 
verticillata and N. minor monocultures and H. verticillata/N. minor biculture (Table 13). 
When the species were analyzed separately, treatment effect did not have a significant 
affect on H. verticillata biomass (F = 1.81, p = 0.215), but biomass at site 2 was 
significantly greater than biomass at site 1 (F = 11.82, p < 0.01). The interaction between 
treatment and site was not significant (F = 0.88, p = 0.376). Neither site nor treatment 
had a significant affect on N. minor biomass (site: F = 0.05, p = 0.827; treatment: F =
1.09, p = 0.326). Species differences were analyzed for the H. verticillata/N. minor 
biculture, and no significant differences were found between H. verticillata and N. minor 
at site 1, but H. verticillata had significantly greater biomass at site 2 (F = 16.05, p < 
0.05).
Similar to the biomass data, when length data for H. verticillata and N. minor 
were analyzed separately, treatment did not have a significant effect on H. verticillata 
length (F = 0.14, p = 0.719), but lengths at site 2 were significantly greater than those at 
site 1 (F = 22.32, p = <0.001). The interaction between treatment and site was not
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significant (F = 0.07, p = 0.797). Unlike the biomass data, site had a significant affect on 
N. minor length, with lengths at site 2 greater than lengths at site 1 (F = 53.47, p < 0.001). 
Treatment had no effect, and the interaction between treatment and site was not 
significant (F = 2.13, p = 0.182). There were no significant differences between H. 
verticillata and N. minor length in biculture at either site.
Site 2 had significantly higher percent sediment organic than site 1 at depth 2-5 
cm (H = 7.50, p < 0.05) and site 1 had significantly greater concentrations of sediment 
NH4+ at both depths (H = 3.86, p < 0.05), but there were no differences in sediment P043* 
(F = 3.26, p = 0.087). There were no differences in sediment organic content, sediment 
NH4+ or P 043' at either depth between the pre and post disturbance cores, indicating 
disturbing the sediment during planting had no effect. The percentage of silts and clays 
in the sediment did not differ between sites (silts: T = 0.26, p = 0.811; clay: T = 3.05, p = 
0.055), but site 1 had a greater percentage of sand than site 2 (T = 6.72, p < 0.05). Site 1 
total suspended solids (TSS) were significantly greater than site 2 (T = 2.91, p < 0.05), 
and site 1 chlorophyll a was significantly greater than site 2 (W = 10.0, p < 0.05). There 
were no site differences between water column NOx (T = 0.04, p = 0.972), NH4+ (T =
1.10, p = 0.352) or P 043' (T = 2.65, p = 0.057). Secchi depths were similar between the 
two sites, with a September depth of 0.6 m at site 1 and 0.7 m at site 2. Salinities 
measured during sampling trips were 2.56 and 2.69 psu at site 1 in August and 
September, and 0.61 and 0.52 at site 2 for these same months.
The YSI datasonde at the upriver Chickahominy Haven site (near experimental 
site 2) malfunctioned from 7/16 -  7/24, so data was not available for comparisons during 
this time period. Comparisons were done on daily mean parameter values from 7/25-
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7/31. This time period marks the first week of the competition experiment. Mean 
salinity values over this time period ranged from 0.75 to 1.97 (mean 1.60) and 0.18 to 
0.46 (mean 0.28) psu for the lower and upper site, respectively. Temperature ranged 
from 25.8 to 34.3°C (mean 28.2) at the lower site and 27.3 to 29.9°C (mean 28.3) at the 
upper site. Turbidity ranged from 4.0 to 92.7 NTU (mean 15.1) and from 5.8 to 15.8 NTU 
(mean 9.6), and pre-calibrated total chlorophyll ranged from 1.5 to 28.9 pg I'1 (mean 
12.8) and from 6.8 to 13.4 pg I'1 (mean 9.6). Differences were significant for salinity (T 
= 59.77, p < 0.001), turbidity (T = 11.06, p < 0.001), and total chlorophyll (T = 4.47, p < 
0.01), with site 1 having greater values than site 2 for all parameters. There were no 
significant temperature differences between the two sites (T = 0.44, p = 0.668).
The second YSI time period marks the very end of the competition experiment. 
Again, daily means were compared between the two sites from 9/17-9/25. Salinity values 
for the whole time period ranged from 2.93 to 4.22 psu (mean 3.6) at site 1 and 0.66 to
1.56 psu (mean 1.1) at site 2. Temperature ranged from 20.8 to 27.2°C (mean 23.5) °C at 
site 1 and 23.0 to 25.3°C (mean 24.1) at site 2. Turbidity ranged from 4.3 to 26.6 NTU 
(mean 13.8) at site 1 and 2.0 to 17.8 NTU (mean 7.1) at site 2, and pre-calibrated total 
chlorophyll ranged from 6.1 to 20.6 pg f 1 (mean 11.0 pg I'1) at site 1 and 3.9 to 9.8 pg f 1 
(mean 6.2) at site 2. Similar to the July period, site 1 had significantly greater salinity (T 
= 33.19, p < 0.001), turbidity (T = 6.83, p < 0.001), and total chlorophyll (T = 9.78, p < 
0.001) than site 2, while temperature was not significantly different between the two sites 
(T= 1.32, p = 0.215).
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DISCUSSION
From 1998-2007, the abundance of submerged aquatic vegetation in the 
Chickahominy River exhibited interannual variability, with SAV declining from 1998- 
2002 and increasing from 2002-2007. The declines from 1998-2002 were greatest in the 
lower 10 kilometers of the river, and the resurgence occurred mostly in the upper portion 
of the river, in which SAV increased along every kilometer. 2002 declines corresponded 
with a period of intense drought conditions, in which measured growing season salinities 
at the mouth of the river were sustained above 5 psu for several months during the spring 
and fall, which is above reported tolerances for Hydrilla verticillata (Twilly and Barko 
1990). Declines also corresponded with the lowest measured vegetation emergence 
period secchi depth of the time period. SAV in this tributary exhibited increased 
abundance during 2003 and 2004, which were very wet years, and salinities throughout 
the system were 0 psu for every month during both years. Vegetation emergence period 
secchi depths also increased during these years, rejecting null hypothesis 1 that no 
relationship exists between water quality and increasing SAV.
Field data from 2007 showed interesting patterns in species distribution along the 
Chickahominy River, in which H. verticillata dominated in the upper half of the river, 
and N. minor dominated in the lower half. Both salinity and total suspended solids were 
greater in the lower half of the river throughout much of the 2007 growing season (May -  
November), so both salinity and light stress appear to be the main factors controlling H.
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verticillata’s expansion downriver, thus rejecting the null hypothesis that water quality 
and habitat conditions have no effect on SAV community composition.
The field experiment showed that location, rather than species combination, was 
the important factor affecting SAV species abundance, as significant site differences were 
present for both H. verticillata and N. minor, but no differences among planted SAV 
combinations emerged. Based on these results, the null hypothesis that the location of the 
field experiment would have no effect on SAV growth interactions was partially rejected, 
because H. verticillata outgrew the other species in the upper site, but N. minor and C. 
demersum did not outgrow H. verticillata in the lower site. Additionally, the null 
hypothesis that shoot length and biomass of species grown in mixtures would not differ 
from those grown in monoculture could not be rejected. The fact that both H. verticillata 
and N. minor growing in the upper river site exhibited longer shoot lengths than those 
growing in the lower river site indicates a limiting factor for both of these plants in the 
lower river. Salinity, total suspended solids, and chlorophyll a concentrations were all 
significantly greater in the lower river site during the beginning and end of the 
experiment, so a combination of these factors, affecting plant growth through salinity 
stress and light reduction, is most likely the cause for the differences in productivity 
between these two areas.
SAV Variability
SAV habitats are very dynamic systems, with yearly variation in spatial and 
temporal distribution as well as shifts in species composition (Carter et al., 1994). This is 
what was seen in the Chickahominy River from 1998-2007. There was an overall trend
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of increasing SAV in this system, which has been initiated by the growth of H. 
verticillata. Since it was first observed in 2000, SAV increased 63% to 2007. This was 
not a continual increase however, as dramatic declines occurred in 2002.
When yearly changes in SAV distribution along the river were analyzed, 
interesting differences emerged when data was reported as total SAV hectares or percent 
available bottom occupied by SAV. From 1998-2003, the lower river had greater total 
SAV hectares, and this switched to the upper river having greater abundance from 2004- 
2006, and then switched back in 2007. However, when the data was reported as percent 
available bottom occupied by SAV, the upper river had a greater percent of its bottom 
occupied in every year except 1998. These differences are brought about because the 
lower half of the river is wider and contains more total area than the upper half of the 
river. This causes the lower river to stand out as having greater SAV abundance during 
most years, because it contains more area, but when the data is normalized to percent 
available bottom, the upper river actually contains more proportional SAV. This 
indicates that although the lower river may contain more SAV than the upper river, it is 
not growing to its full potential and appears to be limited in that area, whereas SAV in the 
upper river is occupying much of the available bottom, and only appears to be limited by 
the amount of habitat available.
Although SAV in the Chickahominy showed a generally increasing trend from 
1998-2007, this trend was not continuous, as 2002 showed a large-scale die-off. From 
1998-2002, much of the die-off occurred below 10 kilometers from the mouth, with a 
subsequent resurgence from 2002-2007 occurring throughout the entire river. When this 
resurgence was analyzed in terms of change in occupied available bottom, some
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kilometers in the upper river experienced over an 80% of available bottom increase from 
2002-2007. This upper river resurgence can be attributed to the growth of H. verticillata, 
as before its occurrence, in 1998, the river had no SAV growing above 27 kilometers, and 
after its occurrence in 2000, SAV grew up to kilometer 33. These beds consisted both of
H. verticillata and C. demersum.
Since its establishment, it does not appear that H. verticillata has been displacing 
N. minor in the upper river habitats. Ground-truth surveys documented N. minor as far 
upriver as kilometer 18 in 1998. However, SAV was growing up to kilometer 27, so it is 
unknown whether or not these beds consisted of N. minor or only C. demersum. After H. 
verticillata was documented, N. minor was reported as far upriver as kilometer 31. It is 
possible that the existence of H. verticillata actually facilitated the recruitment of N. 
minor and C. demersum into these previously unvegetated areas, by trapping suspended 
sediment and improving water quality. Historical data showed SAV increases 
corresponding with vegetation emergence period secchi depth, which may be evidence 
for H. verticillata’s ability to perform ecosystem services through improving water clarity 
for other species. Rybicki and Landwehr (2007) found a similar occurrence in the tidal 
Potomac River from 1986-2001. During this time period, diversity of SAV significantly 
increased and reached its maximum in 2001. They also found the biomass of the exotic 
species H. verticillata and M. spicatum to be positively correlated with the biomass of 
natives. Both exotics and natives increased with decreasing suspended solids in the water 
column, which they noted could be attributed to the spread of exotics providing increased 
water clari fication and thus enhancing the spread of natives.
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Limiting Conditions
The decline in SAV up to 2002 corresponded with major drought conditions, 
causing short-term salinity increases in the river. This salinity intrusion was likely a 
major factor causing the die-off, as no other water quality parameters showed dramatic 
changes during this year, with the exception of vegetation emergence period secchi depth. 
Additionally, H. verticillata, which had by this time become established in the river, is 
very sensitive to even small increases in salinity. Salinity measured at the Chesapeake 
Bay Program station reached levels of 7.5 and 7.9 psu throughout 2002. These values are 
above the upper limits for H. verticillata’s growth, which Haller et al. (1974) reported to 
be 6.6 psu, and Twilly and Barko (1990) reported to be 4.0 psu. H. verticillata’s negative 
growth response has been shown to occur quite rapidly after being exposed to high 
salinity, as reported by Frazer et al. (2006), where it experienced complete mortality after 
only 1 day of exposure to 15 psu, so it is reasonable that salinities this species was 
exposed to during the 2002 growing season caused its decline during that same year.
The drought in 2002 not only caused overall declines, but also seemed to affect 
the distribution and subsequent regrowth of H. verticillata along the river. Ground-truth 
data did not report this species below kilometer 23 in 2002, but by 2004, after two 
straight growing seasons of 0 salinity, it was reported much further downriver at 
kilometer 6, indicating a rate of spread of 8.5 kilometers per year. It is possible that 
salinity intrusion was keeping H. verticillata’s distribution limited to those regions far 
enough upriver to where it was not affected. The salinity model predicted values 
reaching 4.8 psu in segment 11-15 km, and 2.8 in segment 16-20, which may be stressful 
enough to keep this species contained to areas upstream of kilometer 21, where the
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salinity model predicted salinity intrusion of only 1.8 psu during the maximum drought 
conditions in 2002. A previous experiment supports this observation, as Twilley and 
Barko (1990) found the growth of H. verticillata to be negatively affected by increasing 
salinity from 0 to 2 psu. On the other hand, Haller et al. (1974) observed no difference 
between H. verticillata’s growth at 0.17 and 3.33 psu, but did see decreased growth from 
3.33 to 6.66. The data from this study as well as previous experiments shows that even 
very slight changes in salinity can have major affects on the total abundance of SAV in 
these small H. verticillata-dommatQd tributary systems like the Chickahominy, and can 
also affect its distribution along the river, with very short response times.
Similar salinity affects were seen during the field experiment, where both H. 
verticillata length and biomass was significantly greater in the upper river site than the 
lower river site. Water quality data showed that salinity, chlorophyll, and total suspended 
solids were all greater in the lower river during the beginning and the end of the 
experiment. Light during this time period was not expected to be a critical factor in the 
growth of the plants, because species were planted in cleared areas in the middle of large, 
already established grass beds. These grass beds would be expected to stabilize and trap 
sediment and therefore improve water quality throughout the bed. Therefore, it is likely 
that salinity was the stressful factor causing growth differences between the two areas, as 
it reached a maximum of 4.22 psu in the lower site compared with a maximum of only
1.56 in the upper site.
While salinity was a likely driving force for the die-off in 2002 as well as shifts in 
species distribution along the river, overall yearly SAV abundance was not correlated 
with seasonal mean salinity. This is likely because seasonal mean salinities were below 1
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psu during most years, and only reached 2 psu for a total of 9 months during the growing 
seasons from 1998- 2007, with the exception of 2002. Values below 1 have been shown 
to not greatly affect H. verticillata abundance, if at all. Haller et al. (1974) did not 
observe decreases in H. verticillata growth until salinities increased from 3.3 psu to 6.6 
psu. Changes from 0.17 to 3.33 had no significant affect on the plant.
The other driving force for the declines in SAV up to 2002 was the decline in 
vegetation emergence period secchi depth. This was the only water quality parameter 
that had a significant correlation with SAV yearly abundance. In most areas of the Bay, 
during drought conditions as occurred in 2002, water clarity improves due to a decline in 
land runoff and low river flows keeping turbidity levels low. However in the lower 
Chickahominy River, the drought of 2002 corresponded with the lowest secchi depth of 
the time period. This is due to the location of the Chickahominy, which is just upriver of 
the normal location of the James River turbidity maximum. During low flow years, the 
higher turbidity intrudes into the lower Chickahominy along with higher salinities.
Similar relationships were seen in the tidal Potomac River in the 1980’s, when 
secchi depths declined to their lowest values in 1988 and 1989 (< 0.5 m), corresponding 
with SAV declines during those same years (Carter et al., 1994). Although light has been 
the focus when studying SAV habitat requirements, it was not expected to play a major 
role in this community, because all of the dominant species in the Chickahominy are able 
to form canopies on the water surface, enabling them to be exposed to surface light 
Conditions. This is likely why seasonal mean light conditions showed no relationship 
with SAV abundance. However, early in the growing season the plants have not reached 
the water surface, so must rely on light being attenuated throughout the entire water
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column. This makes these types of canopy-forming species most vulnerable to poor 
water clarity during their germination period. Vegetation emergence period secchi depth 
was only 0.3 meters during 2002. Along with salinity, this too could be a factor in the 
distribution of H. verticillata along the river. While river-wide secchi depths are not 
available for the whole time period, other data from this study show that the 
Chickahominy has a turbidity gradient, with greater light availability in the upper river.
A combination of unusually high salinity and poor water clarity were responsible 
for the die-off in 2002. It is also likely a combination of these two factors that affected 
H. verticillata’s distribution along the river, confining it to the upper river, where salinity 
intrusion did not occur, and where light availability was greater.
SAV Resurgence
After the 2002 die-off, SAV began to quickly expand, with H. verticillata- 
dominated upper river beds expanding and increasing to their maximum abundance and 
distribution in 2007, increasing from 24 hectares in 2002 to 126 hectares in 2007.
Similar rapid increases in H. verticillata-dom'matQd beds have been documented in other 
regions as well. Data from the tidal Potomac River from 1978-1981 reported virtually no 
vegetation in the upper river, but surveys in 1985 found all shallow areas in this same 
region to be vegetated. Total dry weight collected during these surveys increased 4 times 
from the fall of 1984 to the fall of 1985 (Carter and Rybicki 1986).
In the Chickahominy, it seems that H. verticillata responded rapidly to this 2002 
disturbance event, and perhaps the disturbance initiated its aggressive growth. A study 
by Minchinton (2002) documented the response of the invasive marsh plant Phragmites
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australis to natural disturbance by wrack, and found that after the wrack was removed, 
this species more than doubled its shoot density, and also produced taller shoots with 
more inflorescences than species that were never exposed to the disturbance. The wrack 
produced bare sediment, which became optimal habitat for this opportunistic species. In 
the Chickahominy in 2002, high salinity and low water clarity caused a disturbance that 
converted previously vegetated habitats to bare sediment. Since H. verticillata is a fast- 
growing, resilient invasive species, it was able to rebound and colonize these areas before 
the other, potentially less resilient species. Without these other species, H. verticillata 
potentially was able to capture all available resources in the absence of competition. 
However, low light and episodic salinity intrusion into the lower part of the river kept the 
majority of H. verticillata’s biomass limited to the upper half of the river. The 2007 field 
experiment supports this as well, where after plant removal, H. verticillata maintained its 
dominance in the upper river and outgrew both N. minor and C. demersum, but did not 
perform well in the lower river after the same disturbance.
H. verticillata has been shown to rapidly expand its distribution after disturbance 
events in other systems. In a subtropical lake in Florida, Havens et al. (2004) reported its 
distribution to be very sparse during stressful years of high water levels. From 2000- 
2001, water levels were lowered by 2 meters due to a release of water from the lake 
followed by a drought. After only 1 year, H. verticillata became dominant in the system, 
accounting for over 80% of the SAV community in the fall of 2001.
Salinity data from 2005-2007 in the Chickahominy river actually showed a 
positive correlation with lower river yearly SAV. This is in contradiction to what 
happened in 2002, when river-wide declines occurred in response to elevated salinities.
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Reasons for this positive correlation may be that these areas from 2005-2007 were 
dominated by N. minor, which from this study, appears to be more tolerant of elevated 
salinities than H. verticillata. N. minor in the lower portion of the river may actually 
benefit from years of increased salinity, because it keeps H. verticillata out of the lower 
river areas where it is stressed by the elevated salinities, and allows N. minor to increase 
its growth in the absence of competition. However, this was not supported during the 
field experiment, in which N. minor did not show increased growth in the absence of H. 
verticillata.
A similar positive correlation with salinity and N. minor abundance did not occur 
in 2002, because salinities were so high in the lower portion of the river that N. minor 
could not survive even without the presence of H. verticillata. In 2007, when seasonal 
mean lower river salinities were at a maximum for the 3-year time period, they only 
reached a mean of 1.6 psu. While little is known about the salinity tolerance of N. minor,
1.6 does not appear to be a high enough value to cause its mortality, but may be high 
enough to keep H. verticillata from growing to its full potential and competing for 
resources. Data from this study shows that N. minor appears to be able to tolerate 
salinities around 4 psu, as was seen in the fall of 2007 in the Chickahominy, but cannot 
tolerate salinities around 7 psu, which is what this plant experienced in the lower river 
during the drought in 2002.
This proposed salinity range, however, is not supported with evidence from the 
field experiment. Poor N. minor growth occurred in the lower river, and plant lengths 
were actually significantly less than those in the upper river. During this experiment, 
maximum salinities only reached 4.2 psu in the lower river. The negative effects of
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salinities in this range on this species may be due to transplant stress, but could also be 
related to the growth form of N. minor. Unlike H. verticillata, which is capable of 
aggressive, clonal growth through stem fragmentation, in which numerous new shoots 
arise from lateral buds (Hofstra et al., 1999), N. minor is not considered to be an invasive 
and does not appear to be capable of similar aggressive growth through stem 
fragmentation. Therefore, N. minor biomass between the lower and upper river sites may 
not have been different simply because this species isn’t capable of rapid growth, 
regardless of environmental conditions. Overall, this study provides some insight into the 
salinity tolerance of N. minor, but it is clear that more research is needed in this area.
The positive correlation with lower river SAV and salinity from 2005-2007 could 
also be simply due to chance. The findings were statistically significant, but there were 
only three years of data to analyze. Since SAV communities are highly dynamic and may 
change year to year for no apparent reason, it is hard to decisively conclude that N. minor 
increased in the lower river during this time period because of elevated salinity.
SAV Growth Conditions
Environmental data showed SAV in the Chickahominy River in 2007 growing in 
a variety of habitats. Particularly striking was the range of sediment type in which H. 
verticillata could flourish. In the upper river sites, where H. verticillata was dominant, 
sediment sand content ranged from a seasonal mean minimum of 4% to a maximum of 
90%, and sediment organic content ranged from a minimum of 2% to 16%. This 
highlights the adaptability of this species to a variety of habitat conditions. This range of 
sediment does not appear to be supported by previous data. Batiuk et al. (1992) reported
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a range of organic content between 1 and 5.3% in SAV habitats in the Chesapeake Bay, 
and Barko and Smart (1983) found SAV to be limited to sediment with less than 5% 
organic content. Additionally, Barko and Smart (1986) found the growth of H. 
verticillata to generally decrease with increasing organic matter. No similar relationship 
was found in the Chickahominy River, as H. verticillata was able to reach high biomass 
levels in a variety of sediment type.
SAV in the Chickahominy River exhibited a marked zonation pattern, in which H. 
verticillata was highly dominant in 5 sites in the upper river, and N. minor became 
dominant in the 3 sites in the lower river. Overall, H. verticillata had a greater amount of 
biomass than any other species, with its measured maximum reaching 942 g DW m‘2, 
while N. minor and C. demersum only reached 224 g DW m'2 and 110 g DW m'2 
respectively. This maximum biomass is greater than what has been reported for H. 
verticillata’s maximum biomass in a Texas reservoir (328 g DW m'2, Esler 1989), in a 
North Carolina lake (52 g DW m'2, Harlan et al. 1985), and in a Florida lake (890 g DW 
m'2, Bowes et al. 1979).
Along with spatial differences, temporal differences in growth patterns existed as 
well. H. verticillata growth peaked late in the season, with maximum biomass occurring 
in October, while N. minor peaked earlier in the season in August, and C. demersum 
peaked in September. These differences in growth may give N. minor an early advantage 
in the lower part of the river, allowing it to establish itself before H. verticillata, thus 
potentially limiting H. verticillata’s invasive abilities during low salinity periods. River- 
wide, H. verticillata’s abundance didn’t really begin to increase until August, and by this 
time drought conditions caused salinity intrusion into the lower part of the river,
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potentially limiting its growth and allowing N. minor to remain the dominant species. 
Chadwell (2007) found the initial existence of V americana inhibited the invasion 
success of H. verticillata in greenhouse experiments, but this did not hold true in field 
experiments. Hofstra et al. (1999) found the growth of//. verticillata to be greater in 
outdoor tanks when planted at the same time as competitor species (.Egeria densa, 
Lagarosiphon major, C. demersum, E. canadensis) than when the competitor species had 
between 2-8 weeks to establish. Similar results were not found in this study during the 
field experiment, as the presence of N. minor did not significantly affect the growth of H. 
verticillata.
Similar to the historical data, salinity seems to be the primary factor driving the 
species distribution in the Chickahominy in 2007. Salinity remained fairly uniform 
throughout the river until August, when the 3 lower sites began to be exposed to values 
> 2 psu, which are levels that have been previously reported to be high enough to 
negatively impact the growth of H. verticillata (Twilley and Barko 1990). This is around 
the same time when H. verticillata began to rapidly grow in the upper part of the river, 
but remained limited in the lower part of the river. Salinity was the only environmental 
parameter that showed a strong linear relationship when the salinity difference between 
the upper and lower river was plotted against H. verticillata’s biomass difference 
between the upper and lower river. This indicates that salinity is the driving force for H. 
verticillata being limited to the upper river. Similar zonation patterns in response to 
salinity were reported by Haller et al. (1974) in the Crystal River, Florida, where H. 
verticillata and M. spicatum grew together at the head of the river, but H. verticillata 
disappeared in the lower river and M. spicatum was dominant.
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In addition to salinity, total suspended solids were also greater in the lower river 
during some months (May, July and August). The timing of these differences is of 
particular interest because they occurred relatively early in the growing season, before H. 
verticillata had a chance to form a canopy at the water surface. This further strengthens 
the evidence shown earlier from the correlation between historical yearly SAV coverage 
and vegetation emergence period secchi depth, that early season light availability is a 
critical factor for SAV growth in this system. It suggests that early in the growing 
season, H. verticillata in the lower river was light limited, and then later in the season 
became limited by salinity intrusion. This light limitation in the lower river also may be 
why N. minor is never able to reach biomass levels seen with H. verticillata in the upper 
river. In the lower river it is light limited, but is still able to outcompete H. verticillata 
due to its salinity tolerance, and in the upper river where light availability is greater, it 
cannot survive due to the superior competitive ability of H. verticillata.
Water column and sediment nutrient differences also emerged between the upper 
and lower river reaches. These differences may contribute to variations in species 
distribution along the river. H. verticillata has been shown to be a weaker competitor to 
other various species under low sediment nutrient conditions. This was not supported in 
this study with respect to sediment NH4+, because H. verticillata dominated in the upper
' i  9
river with lower concentrations, but was supported with sediment PO4 ' concentrations.
In addition, water column nutrients were generally higher in the lower river, further 
disputing previous studies. This may be because previous studies observed H. verticillata 
under competition with V americana (Van et al., 1999) and Potamogeton nodosus 
(Spencer and Ksander, 2000), which are species that have larger root structures than H.
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verticillata. Because of this, they are able to obtain nutrients from the sediments when 
water column nutrients are low. H. verticillata on the other hand, has small root 
structures, so may not be able to obtain much from the sediment and may become 
nutrient limited under low water column nutrient conditions. In this study, N. minor has 
an even smaller root structure than H. verticillata, and C. demersum has no true roots at 
all, so H. verticillata may actually be at an advantage under lower nutrient conditions 
when growing alongside these species, because it is able to obtain at least some from the 
sediments.
The Piankatank River experienced an SAV die-off from 2006-2007, which seems 
to be related at least somewhat to salinity increases during 2007. Only 3 of the 6 sites 
that were sampled in 2006 were vegetated in 2007, and these 3 sites were the furthest 
upriver sites, with the lowest salinities. Based on these 2 years of data, similar to the 
Chickahominy, SAV in the Piankatank appears to be very dynamic with rapid changes in 
response to salinity fluctuations. Salinity in the Piankatank is significantly higher than 
both the Chickahominy and Mattaponi, and this system has not yet experienced a H. 
verticillata introduction. It appears that salinity intrusion in this system is too intense for
H. verticillata’s establishment and survival.
On the other hand, conditions in the Mattaponi seem to be ideal for H. 
verticillata’s growth. Maximum biomass measurements in this system were double that 
of the maximum measurements taken in the Chickahominy. Compared to the other 
systems, the Mattaponi has lower salinity, lower chlorophyll a concentrations, and lower 
water column PC>43‘ concentrations. This system has a greater amount of habitat that 
remains below 1 psu even during drought conditions, as indicated by the salinity
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measured during the 2007 sampling in September. While the Piankatank and 
Chickahominy were reaching 7.51 and 2.69 during this same month, the maximum 
salinity measured in the vegetated portion of the Mattaponi was 0.65. Lower chlorophyll 
concentrations could be an indication of higher light availability in this system than the 
others, which appears to favor H. verticillata, as seen in the Chickahominy. There is also 
evidence of higher light availability in the Mattaponi from secchi depths, which reached
1.55 m, but only reached 1.0 m during September in the Chickahominy. Lower PC)/' in 
the water column could potentially favor H. verticillata, similar to what was seen in the 
Chickahominy, where the H. verticillata-dominated upper river had lower PO43' levels.
In summary, these three systems when compared with each other are quite 
different, both in terms of species composition and water quality conditions. The 
Piankatank is a dynamic system, as seen during the sampling in 2007 when previously 
large vegetated beds had completely disappeared. Salinity seems to be a driving force for 
these changes, and also appears to be the reason why H. verticillata has not yet been 
established in this area. The Chickahominy has a strong gradient in terms of salinity, 
turbidity and species composition along the river, where H. verticillata has become very 
well established, but is limited to the upper half. Finally, the Mattaponi is a relatively 
uniform system, with little salinity fluctuations even during drought conditions, and 
greater light availability, as indicated by large secchi depths and low chlorophyll 
concentrations. These conditions appear to facilitate H. verticillata growth, as it is by far 
the most dominant species in this system, and has double the biomass from what is found 
in the Chickahominy.
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Habitat requirements for SAV growth have been established for the Chesapeake 
Bay through a 2000 technical synthesis (Batiuk et al.2000). For light requirements, this 
report incorporates total suspended solids, chlorophyll a, dissolved inorganic 
phosphorous and dissolved inorganic nitrogen. Recommendations for TSS values are 
<15 mg I'1, chlorophyll a concentrations are <15 pg I'1, DIP concentrations are <0.02 mg 
I'1 and there are no requirements for DIN in tidal fresh and oligohaline waters. TSS 
concentrations in the Chickahominy River in 2007 reached over 20 mg I'1 during some 
months, but the overall seasonal mean for all sites remained below 15 mg f 1, thus 
supporting the TSS requirements put forth in the synthesis. Chlorophyll a concentrations, 
on the other hand, were above 40 pg I'1 during some months, and seasonal means for all 
sites were above 20 pg I'1. Water column DIP concentrations in the Chickahominy River 
met the requirements put forth in the synthesis, as seasonal means for all sites were below 
0.02 mg F1. Recommended sediment organic content have also been set at <5% for SAV 
growth. This was not supported in this study, as all but one of the sites along the 
Chickahominy River had seasonal means of >10% sediment organic content.
Overall, the current study supports 2 of the 3 measured light requirements for the 
growth of SAV, but shows that SAV can grow in a much larger range of sediment than 
reported in the synthesis. Salinity is not included as one of the habitat requirements, but 
clearly affects the growth as well as species distribution in small tidal tributaries of the 
Chesapeake Bay, so should be included in the next stage of habitat requirements. 
Additionally, this study showed the importance of early season light conditions, and 
suggests that light requirements differ depending on the growth stage of these types of 
canopy forming species. Finally, the range of habitat that SAV can colonize makes it
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difficult to generalize requirements across all species growing in the Bay, so future work 
on establishing requirements for SAV growth should move towards species-specific 
recommendations.
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CONCLUSIONS
Small tidal tributary systems such as the Chickahominy River can be very 
dynamic in terms of yearly SAV abundance and species distribution. While natural 
variability undoubtedly occurs, water quality and habitat conditions play significant roles 
as well. This study showed salinity and water clarity to be the main factors in 
determining SAV abundance as well as species distribution along the river. Analysis of 
interannual historical data showed elevated seasonal mean salinities of 4.1 psu 
corresponding with SAV declines, which occurred mostly in the lower portion of the 
river where salinity levels were greatest. A salinity model revealed upriver intrusion 
reaching 3 psu in 2002 as far as kilometer 20, thus explaining why H. verticillata’s 
distribution during this year was limited to areas in the river above this intrusion. This 
analysis also showed a significant correlation between yearly SAV abundance and 
vegetation emergence period secchi depths, in which a secchi depth of 0.3 meters, the 
lowest of the time period, corresponded with the lowest SAV abundance in 2002. This 
revealed the importance of early season light conditions for the growth of these canopy 
forming species.
Field monitoring over one growing season revealed that H. verticillata was most 
affected by salinity intrusion when compared with N. minor, as it was limited to areas in 
the upper river that never received salinities greater than 2 psu, while N. minor was 
established in the lower river where salinities were greater than 2 psu for 4 consecutive
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months from August-November. Salinity was the best predictor of H. verticillata’s 
growth differences between the upper and lower river. Comparisons with the Mattaponi 
and Piankatank Rivers suggest that H. verticillata has not become established in the 
Piankatank due to salinity levels greater than 3 psu into even the very upper portion of the 
river, while the Mattaponi provides an ideal habitat for this species, with salinities less 
than 1 psu along the vegetated portions of the river. The field experiment revealed poor 
growth by both species in the lower Chickahominy River, where both salinity and 
turbidity were significantly greater than the upper river. During this study, environmental 
conditions proved to be more important than interspecific competition in determining 
species growth and distribution.
Insight was gained in this study through the use of historical water quality 
databases as well as historical aerial photography. These types of databases can be 
invaluable tools for tracking detailed ecological changes in even small systems such as 
the Chickahominy River. By tracking these changes, such as the declines up to 2002 and 
the subsequent resurgence seen in this system, information can be gathered on how 
communities respond to changing environmental conditions. This study was able to use 
this historical data to determine that SAV declines were related to both salinity increases 
and declining water clarity, and SAV recovery was due to two straight years of 0 salinity 
and increasing water clarity. Gaining information on what has happened in the past can 
help to predict what will happen to these systems in the future, in the face of changing 
coastal ecosystems.
Understanding the dynamics of the Chickahominy River and species interactions 
under varying habitat conditions may be useful for restoration efforts. Restoration habitat
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targets are difficult to establish for these types of freshwater species, due to their ability 
to grow in a variety of sediment and water quality, as seen from this study. However, if 
the aim of a project is to restore native species to a small tributary system such as the 
Chickahominy, planting in areas that receive slight periodic salinity intrusion may help to 
guard against H. verticillata dominance.
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Figure 1: Map of Chickahominy, Pamunkey, Mattaponi and Piankatank Rivers in the 
lower Chesapeake Bay, Virginia, showing the increases in SAV abundance from 
1998-2006.
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Figure 2: Map of Piankatank River showing 2006 and 2007 sampling stations.
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Figure 3: Map of Mattaponi River showing 2006 and 2007 sampling stations.
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Figure 4: Map of Chickahominy River showing 2006 sampling stations.
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Figure 5: Biomass data from the 2006 Chickahominy background survey. There was a 
shift in dominant species along a salinity and turbidity gradient, so this river was chosen 
as the focus for field investigations.
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Figure 6: Map of Chickahominy River showing 2007 field sampling stations: 8
biomass/sediment stations (1-8) and 4 water quality stations (W1-W4).
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Figure 7: Map of Chickahominy River showing locations of the two 2007 field
experiment plots.
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Figure 8: Experimental design of competition experiment. Hv = H. verticillata; Nm = N. 
minor, Cd = C. demersum.
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Figure 9: Total SAV hectares in the Chickahominy River from 1998-2007. 1999 was not 
fully mapped, so that year is not included in any analysis.
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Figure 10: Total SAV hectares in the Chickahominy River from 1998-2007 broken into 
4 density classes: 1 = <10%cover, 2 = 10-40% cover, 3 = 40-70% cover, 4 = 70-100% 
cover.
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Figure 11: SAV hectares in the Chickahominy River from 1998-2007 separated by upper 
river (kilometers 18-35) and lower river (kilometers 1-17).
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Figure 12: SAV in the Chickahominy River from 1998-2007 separated by upper 
and lower river, and reported as percent available bottom (depth <2 meters).
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Figure 13: Change in SAV, reported as change in total hectares, at every kilometer along 
the Chickahominy River between 1998 and 2002 (a) and between 2002 and 2007 (b).
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Figure 14: Change in SAV, reported as change in percent coverage of available bottom, 
at every kilometer along the Chickahominy River between 1998 and 2002 (a) and 
between 2002 and 2007 (b).
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Figure 15: Change in SAV total hectares at every kilometer along the Chickahominy
River between 1998 and 2007.
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Figure 16: Change in SAV percent coverage of available bottom at every kilometer
along the Chickahominy River between 1998 and 2007.
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Figure 17: An example of monthly CBP data plotted against monthly dataflow data 
from 2005-2007 to develop linear regressions used for the salinity model. 18a shows the 
relationship developed for river segment 16 -  20 km. 18b shows monthly CBP data from 
2000-2007, plotted with predicted salinities in the upper river segments.
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Figure 18: Upper river (kilometers 18-35) vs. lower river (kilometers 1-17) salinity (a), 
turbidity (b) and chlorophyll (c) seasonal means from 2005-2007. Error bars are standard 
error, and stars indicate significant differences (p < 0.05).
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Figure 19: SAV total hectares in the Chickahominy River overlayed with Chesapeake 
Bay Program station RET5.1 A seasonal mean salinity data. 1998 is left out of the graph 
because several months of salinity data were missing from the CBP database.
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Figure 20: Total SAV hectares and yearly mean vegetation emergence period secchi 
depths. The months incorporated in this analysis are the month temperatures reached 
15°C and the following month. The correlation between SAV and germination was 
significant (p < 0.05).
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Figure 21: Lower river SAV total hectares from 2005-2007 overlayed with seasonal
mean lower river salinity (±SE). There was a significant positive correlation (p < 0.05).
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Figure 22: Lower river total SAV hectares from 2005-2007 overlayed with seasonal
mean lower river turbidity (±SE).
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Figure 23: 2007 monthly Chickahominy field salinity data at sites 1-8 (a) and monthly 
mean upper river vs. lower river salinity (b). Error bars are standard errors and stars 
indicate significant differences (p < 0.05).
110
a6 ■4—  May 
* —June 
July 
X —Aug 
* - S e p t
5
c
(O o  
CO e- Nov
1
0
1 3 82 4 5 6 7
Site
3
(/) 
Q.
>
"S 
c/)
Upper 
♦— Lower
May June July Aug Sept Oct Nov
i n
Figure 24: 2007 monthly biomass data with all sites averaged together (a) and site data 
with all months averaged together (b) for H. verticillata (Hv), N. minor (Nm), and C. 
demersum (Cd). Error bars are standard error.
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Figure 25: 2007 H. verticillata (Hv), N. minor (Nm), and C. demersum (Cd) biomass 
reported as the percent of the maximum monthly biomass for each species (a) and the 
percent of the maximum site biomass (b).
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Figure 26: 2007 monthly H. venicillata biomass separated into upper and lower river 
means. Figure 29b shows a significant linear regression (p < 0.05) of the monthly 
salinity difference between the upper and lower river vs. the monthly H. verticillata 
biomass difference between the upper and lower river.
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Figure 27: 2007 September biomass in the Mattaponi (a) and Piankatank Rivers (b).
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Figure 28: 2007 experimental biomass at each of the 8 treatments for Site 1 (a) and Site
2(b).
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Figure 29: 2007 experimental length data at each of the 8 treatments for Site 1 (a) and 
Site 2 (b).
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Table 1: 2006 field measurements from the Chickahominy, Mattaponi, and Piankatank 
Rivers. Hv = Hydrilla verticiilata, Nm = Najas minor, Cd = Ceratophyllum demersum, 
Ec = Elodea canadensis, Pp = Potamogeton pusillus
Chickahominy August 2006
Site Hv biomass
g DW rn2
Nm biomass
g DW m'2
Cd biomass
g DW m'2
Salinity
psu
Secchi depth
(m)
1 12.8 65.9 0.0 2.57 0.55
2 0.9 108.9 0.0 2.25 0.55
3 34.4 375.4 55.0 2.24 0.60
4 9.5 25.6 239.5 1.57 bottom
5 526.1 1.7 46.7 0.8 0.50
6 581.9 4.9 0.0 0.49 0.90
7 692.0 93.2 0.0 0.46 0.90
8 908.9 28.6 0.0 0.21 1.1
9 705.6 86.1 53.5 0.17 1.1
10 280.1 0.0 14.6 0.09 1.1
Mattaponi October 2006
Site Hv biomass Cd biomass Salinity Secchi depth
g DW m'2 g DW m 2 psu (m)
1 326.2 0.0 0.03 0.9
2 421.0 14.0 0.03 0.9
3 266.4 0.0 0.03 0.9
4 488.6 0.0 0.03 0.85
5 488.7 11.3 0.03 0.9
6 243.0 6.5 0.03 NA
Piankatank July 2006
Site Ec biomass Cd biomass Pp biomass Salinity Secchi depth
g DW m'2 g DW m'2 g DW rrf2 psu (m)
1 382.8 46.6 11.3 5.20 2.5
2 114.1 405.7 154.7 4.79 0.6
3 156.1 63.0 168.7 2.45 0.8
4 5.7 54.5 52.2 1.21 0.8
5 0.0 0.0 22.1 1.34 NA
6 0.0 499.6 6.4 0.24 0.9
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Table 2: Yearly Chickahominy SAV data indicating the river kilometer for each year in 
which the SAV coverage of percent available bottom (< 2m) was at a maximum.
Year Kilometer % Available Bottom
1998 17 52
2000 32 77
2001 23 46
2002 24 35
2003 32 54
2004 32 81
2005 32 100
2006 32 100
2007 32 92
Table 3: Yearly Chickahominy SAV data indicating the most downriver kilometer H. 
verticiilata was reported in during the ground-truth surveys. 1998 is not included 
because H. verticiilata was not reported in the river until 2000.
Year Kilometer
2000 21
2001 17
2002 23
2003 21
2004 6
2005 8
2006 6
2007 6
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Table 4: Yearly Chickahominy seasonal mean water quality ± SE from the Chesapeake 
Bay Program fixed station (RET5.1A). 1998 salinity is not included because 
measurements were not available for every month, and 2007 Kd is not included because 
this parameter was not measured during this year.
Year CH L
o g r '
Salinity
psu
Tem p
°C
TDN
pM
TDP
pM
k ) Secchi
m
Flow
3 - 1m s
1998 15.7 ± 
1.2
NA 24.7 ± 
1.8
0.29 ± 
0.03
0.02 ± 
0.00
2.8 ± 0.5 0.601
0.04
6 .0 1 2 .4
2000 21.5 ± 
1.5
0.40 ± 
0.64
22.6 ± 
1.7
0.38 ± 
0.02
0.04 ± 
0.01
2 .6 ± 0 .2 0.621
0.05
7 .01  1.6
2001 21.8 ±
2.8
1.40 ± 
0.14
23.6 ± 
1.4
0.32 ± 
0.03
0.02 ± 
0.00
3 .0 1 0 .3 0.461
0.03
4 .4 1  1.8
2002 16.2 ± 
3.1
4.10 ± 
1.10
24.4 ± 
1.7
0.40 ± 
0.05
0.02 ± 
0.00
3 .1 1  0.3 0.491
0.05
1 .810 .7
2003 9.3+  1.1 0.00 ± 
0.00
22.0 ± 
2.1
0.52 ± 
0.04
0.03 ± 
0.00
3 .4 1 0 .3 0.41 1 
0.05
18.1 1
3.5
2004 10.9 ± 
2.7
0.00 ± 
0.00
22.5 ± 
1.6
0.40 ± 
0.03
0.03 ± 
0.00
3 .5 1 0 .6 0.601
0.06
17.71
6.5
2005 9.1 ± 2 .6 1.00 ± 
0.43
23.9 ± 
2.2
0.36 ± 
0.02
0.02 ± 
0.00
3 .0 1 0 .8 0.471
0.06
3 .41  1.4
2006 9.8 ± 1.9 0.60 ± 
0.38
23.1 ± 
2.1
0.38 ± 
0.02
0.02 ± 
0.00
3 .7 1  0.4 0.41 1 
0.05
7 .91  3.1
2007 14.0 ± 
0.8
1.20 ± 
0.63
24.9 ± 
1.2
0.34 ± 
0.03
0.02 ± 
0.00
NA 0.581
0.06
3 .81  1.1
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Table 5: 2007 monthly mean total suspended solids (TSS mgl'1) and chlorophyll a (Chi# 
pg I’1) concentrations ± SE measured at each of the 4 field water quality stations in the 
Chickahominy River.
Site W1 Site W2 Site W3 Site W4
TSS
May
June
July
August
September
October
November
27.1 ±0.2 
17.0 ± 1.4
15.8 ±0.6
19.6 ±0.4
5.8 ±0.2
10.8 ± 1.2
5.6 ±0.0
24.5 ±2.2
9.4 ±0.2
22.4 ±0.0
16.6 ±0.2
16.6 ±5.0 
7.8 ± 1.0
3.6 ± 1.8
15.0 ± 0 
8.6 ±0.2 
11.8 ± 0.2 
8.8 ± 1.6 
5.2 ±3.2 
7.4 ±0.2 
5.6 ± 1.6
12.3 ±0.33 
8.0 ±0.8 
11.2 ±0
5.6 ±0.0 
9.4 ±0.2
1.6 ±0.8 
0.9 ±0.3
Chla
May
June
July
August
September
October
November
39.1 ±0.5
13.5 ± 1.2
25.5 ± 1.3 
25.9 ±0.3
23.8 ±3.6
22.1 ±0.8
36.9 ± 3.2
49.0 ±0.6 
8.7 ±3.7
25.1 ±0.9 
26.9 ±0.7
27.6 ± 1.0
23.7 ±2.6
37.7 ±2.4
28.1 ±0.9 
15.8 ± 1.4 
25.4 ±0.5
27.7 ± 0.2
24.8 ±0.6
16.2 ± 1.2
25.9 ±4.7
40.8 ± 1.2
16.9 ±2.0 
24.5 ±0.4 
26.7 ± 1.3 
24.1 ±1.0
9.2 ±0.1
9.2 ±0.3
Table 6: 2007 monthly mean water column nutrient concentrations ± SE measured at 
each of the 4 field water quality stations in the Chickahominy River.
Site W1 Site W2 Site W3 Site W4
N02 + N03 pM
June
July
August
September
October
November
0.15 ±0.01 
0.32 ±0.01 
0.30 ± 0.04 
0.41 ±0.04 
1.88 ±0.98 
8.81 ±0.01
0.18 ±0.03 
0.24 ± 0.02 
0.25 ±0.00 
0.20 ±0.11 
0.54 ± 0.22 
7.41 ±0.01
0.20 ± 0.02 
0.40 ±0.10 
0.27 ±0.01 
0.21 ±0.00 
0.21 ±0.00 
0.30 ±0.00
0.17 ±0.01 
0.30 ±0.06 
0.20 ± 0.06 
0.13 ±0.02 
0.15 ±0.08 
0.66 ± 0.03
NH4+ pM
June
July
August
September
October
November
0.23 ±0.11 
0.24 ± 0.04 
0.23 ±0.05 
0.11 ±0.08 
0.43 ±0.18 
0.27 ± 0.03
0.26 ± 0.04 
0.42 ± 0.18 
0.20 ±0.08 
0.28 ± 0.23 
0.27 ±0.08 
0.25 ±0.07
0.18 ±0.01 
1.56 ±0.05 
0.35 ±0.07 
0.38 ± 0.04 
0.26 ±0.01 
0.24 ±0.01
0.24 ± 0.04 
0.42 ±0.14 
0.29 ± 0.04 
0.22 ± 0.03 
0.27 ±0.10 
0.76 ± 0.02
P043 pM
June
July
August
September
October
November
0.14 ± 0.00 
0.31± 0.01 
0.38 ±0.00 
0.40 ±0.01 
0.30 ±0.04 
0.07 ±0.01
0.13 ± 0.01 
0.22 ± 0.02 
0.29 ±0.01 
0.21 ±0.07 
0.18 ±0.02 
0.04 ±0.01
0.09 ±0.01 
0.21 ±0.00 
0.13 ±0.00 
0.15 ±0.01 
0.07 ±0.01 
0.04 ±0.01
0.08 ±0.00 
0.13 ±0.01 
0.08 ±0.01 
0.18 ±0.01 
0.04 ±0.00 
0.06 ±0.00
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Table 7: 2007 Chickahominy sediment grain size, presented as the fraction of sand, silt 
and clay, measured in August at each biomass/sediment sampling station.
% Sand, Silt, Clay
Site % Sand % Silt % Clay
1 13 ± 0.5 35 ±2 44 ±2
2 4 ± 1 35 ± 12 61 ±11
3 13 ± 1 33 ±2 54 ±3
4 11 ± 1 33 ±7 56 ±6
5 90 ±2 5 ±0.2 6 ±2
6 33 ±5 30 ±8 37 ±5
7 6 ± 2 43 ±3 50 ± 1
8 14 ± 1 49 ±7 38 ±6
Table 8: 2007 monthly mean sediment organic content ± SE, divided by depth (0-2 cm. 
and 2-5cm.), measured at each biomass/sediment sampling station in the Chickahominy 
River.
J u n e Ju ly A u g u s t S e p te m b e r O c to b e r N ovem ber
% O rgan ic
Site 1
2
5
14.2 ±0.9 
13.70 ±2.57
8.26 ±0.14 
8.23 ± 0.05
9.61 ±0.01 
9.75 ±0.12
14.36 ± 3.07 
10.54 ±0.66
10.56 ±0.54 
9.87 ± 0.12
8.65 ± 0.50 
8.85 ± 0.39
Site 2
2
5
25.88 ± 3.76 
24.55 ± 4.05
10.36 ±0.01 
10.57 ±0.13
12.97 ±0.13 
12.83 ±0.13
14.99 ±0.99 
13.36 ±0.013
13.81 ±0.28 
15.52 ± 0.99
12.94 ±0.43 
12.16 ±0.05
Site 3
2
5
14.81 ± 1.92 
18.04 ± 1.46
11.08 ± 0.08 
10.77 ± 0.12
12.85 ±0.11 
12.82 ±0.25
13.77 ±0.82 
13.01 ±0.52
14.87 ± 2.79
10.88 ±0.27
11.90 ± 0.11 
10.92 ± 0.22
Site 4
2
5
20.32 ± 5.68 
13.77 ±0.02
9.95 ± 0.28 
10.40 ± 0.31
10.76 ±0.29 
10.95 ±0.32
12.73 ±2.31 
10.30 ± 0.63
12.05 ± 1.10 
11.52 ±0.67
10.54 ±0.55 
9.50 ± 0.69
Site 5
2
5
2.18 ±0.85 
0.93 ± 0.37
1.73 ± 0.54 
0.74 ± 0.22
3.03 ± 1.01 
1.65 ±0.29
2.00 ± 0.97 
0.81± 0.10
2.08 ± 0.06 
1.46 ± 0.43
7.96 ± 0.32 
5.06 ± 0.36
Site 6
2
5
20.12 ±0.11 
18.08 ± 3.76
13.86 ±0.25 
13.56 ± 0.41
17.33 ±0.31 
15.18 ±0.18
14.36 ± 1.45 
12.83 ±0.37
14.71 ±3.20 
13.25 ±0.26
12.37 ±0.67 
12.82 ±0.47
Site 7
2
5
17.06 ± 0.10 
19.54 ± 1.53
14.03 ±0.33 
13.92 ±0.30
17.28 ±0.32 
16.38 ± 1.12
14.84 ±0.27 
14.08 ± 0.24
23.33 ± 4.64 
17.59 ±0.66
15.17 ± 0.76 
14.45 ± 0.48
Site 8
2
5
16.09 ±2.94 
15.86 ±0.79
12.78 ±2.47 
11.53 ±2.27
16.78 ± 1.83
13.78 ± 1.30
16.67 ± 1.05 
17.09 ±0.84
17.36 ± 1.34 
18.82 ± 1.14
19.30 ±0.98 
18.06 ± 1.89
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Table 9: 2007 monthly mean sediment NH4+concentrations (pM) ± SE, divided by depth 
(0-2 cm. and 2-5 cm.), measured at each of the 8 biomass/sediment sampling stations in 
the Chickahominy River.
June July September October November
nh4+
Site 1
2
5
64.87 ± 16.26 
99.13 ±22.03
38.03 ± 3.77 
43.23 ±4.37
119 .00 ± 6.08 
87.73 ±4.16
221.33 ±24.89
255.33 ± 39.84
105.47 ±40.63 
127.23 ±26.39
Site 2
2
5
122.67 ±53.71 
229.33 ±49.01
54.80 ± 14.83 
49.07 ± 22.68
34.97 ± 15.07 
30.35 ± 16.15
70.80 ±30.01 
109.97 ± 56.61
60.80 ±3.52 
122.00 ±6.11
Site 3
2
5
42.70 ± 1.47 
45.00 ±6.95
67.30 ± 14.95 
63.63 ±7.71
229.33 ± 14.97
236.33 ±23.81
219 ,00± 15.62 
229.00 ± 22.27
116.90 ±42.45 
165.20 ±51.29
Site 4
2
5
227.50 ± 27.50 
246.00 ±21.25
36.53 ±7.40 
31.17 ±4.42
116.17 ±20.36 
100.23 ±4.50
142.67± 48.52 
179.67 ±17.33
132.67 ±23.78
198.67 ±20.74
Site 5
2
5
70.40 ± 14.57 
76.03 ± 17.25
19.60 ± 3.60 
24.87 ± 8.55
8.79 ±0.91 
4.50 ± 1.15
44.67 ±6.85 
39.70 ± 9.72
120.30 ±25.33 
173.33 ±19.78
Site 6
2
5
226.80 ± 72.41 
256.33 ± 58.56
121.60 ±42.21 
145.00 ±27.18
23.90 ±2.92 
23.83 ±3.53
48.07 ±7.84 
71.53 ± 11.75
64.40 ± 5.80 
100.67± 16.83
Site 7
2
5
152.00 ±25.87 
171.33 ± 17.89
48.70 ±29.69 
75.57 ± 50.85
37.17 ± 10.65 
35.30 ±8.50
58.97 ±23.14 
62.13 ± 13.19
187.00 ± 17.90 
261.33 ±28.34
Site 8
2
5
65.07 ±27.67 
60.57 ±27.87
82.20 ±61.80 
136.40 ± 84.60
11.56 ±1.07 
10.35 ±2.35
89.07 ± 3.60 
137.33 ±4.40
146.73 ±27.78 
117.00 ± 10.00
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Table 10: 2007 monthly mean sediment P (V ‘ concentrations (pM) ± SE, divided by 
depth (0-2 cm. and 2-5 cm.), measured at each of the 8 biomass/sediment sampling 
stations in the Chickahominy River.
Ju n e July A ugust S ep tem b er O ctober N ovem ber
P 0 43-
Site 1
2
5
0.23 ± 0.03 
0.40 ± 0.08
0.02 ± 0.01 
0.01 ±0.00
0.70 ± 0.45 
1.21 ± 0.43
0.18 ± 0.11 
0.67 ± 0.22
0.19 ± 0.10 
0.87 ± 0.24
0.132 ± 0.12 
0.46 ±0.13
Site 2
2
5
0.41 ± 0.17 
0.90 ±0.40
0.01 ± 0.00 
0.01 ±0.00
0.28 ± 0.22 
0.18 ±0.09
0.15 ± 0.05 
0.70 ± 0.32
0.45 ± 0.20 
0.40 ±0.18
0.049 ± 0.05 
0.49 ± 0.15
Site 3
2
5
0.28 ± 0.09 
0.28 ±0.12
0.02 ± 0.01 
0.01 ±0.00
0.17 ±0.01 
0.61 ±0.09
0.53 ± 0.26 
0.69 ± 0.22
1.32 ± 1.15 
1.56 ±0.66
0.19 ± 0.14 
1.11 ± 0.55
Site 4
2
5
0.75 ± 0.28 
1.04 ±0.63
0.05 ± 0.03 
0.03 ±0.013
0.19 ± 0.02 
0.43 ± 0.04
1.77 ±0.96 
1.29 ± 0.24
0.15 ±0.12 
0.56 ± 0.35
0.16 ± 0.09 
0.61 ± 0.14
Site 5
2
5
1.05 ±0.158 
1.29 ±0.13
NA
0.03 ± 0.00
0.21 ± 0.02 
0.87 ± 0.29
0.28 ±0.14 
0.70 ± 0.20
0.09 ± 0.05 
0.11 ± 0.08
0.16 ± 0.10 
0:61 ± .0.16
Site 6
2
5
1.31 ±0.11
1.32 ± 0.46
0.04 ± 0.00 
0.057 ± NA
0.70 ±0.24 
0.40 ± 0.094
2.00 ± 0.22 
3.03 ±0.93
1.29 ±0.45 
1.03 ±0.33
1.10 ± 0.17
1.11 ± 0.23
Site 7
2
5
0.91 ± 0.30 
2.14 ±0.20
0.02 ± 0.00 
0.05 ± 0.02
0.93 ±0.21 
0.89 ± 0.32
0.72 ± 0.05 
3.35 ± 1.71
0.82 ± 0.29 
0.79 ±0.35
0.83 ± 0.19 
1.17 ± 0.32
Site 8
2
5
0.80± 0.11 
1.40 ± 0.22
NA
NA
0.40 ± 0.05 
0.66 ± 0.22
1.46 ± 0.79 
2.01 ± 0.17
0.83 ± 0.22 
0.63 ±0.18
0.58 ± 0.08 
0.83 ± 0.13
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Table 11: 2007 monthly Chickahominy biomass ± SE measured at each sampling station 
in the Chickahominy River, separated by species.
H. verticiilata Biomass g DW m'2
Site May June July August September October November
1 0.018 ±0.018 22.5 ±21.9 8.74 ±8.26 0 ± 0 0 ± 0 0.780 ±0.392 0 ± 0
2 0.894 ± 0.502 53.6 ± 16.2 0.114 ± 0.114 0.526 ± 0.526 2 5 9 ± 135 175 ±27.1 0 ± 0
3 0 ± 0 0 ± 0 2.73 ±1.61 6.36 ±6.36 11.1 ±11.1 2.84 ± 1.91 0 ± 0
4 8.87 ±2.90 26.9 ± 3.81 195± 17.7 2 2 0 ± 109 135 ± 51.6 590 ± 276 3.88 ±3.77
5 1.29 ±0.956 8.38 ± 0.940 25.1 ± 12.2 157 ± 14.9 290 ±39.7 597 ± 84.7 19.8 ±8.59
6 14.8 ± 9.45 20.8 ± 16.7 48.8 ± 10.9 180 ±29.8 390 ± 164 432 ± 65.8 323 ± 39.9
7 22.4 ± 3.32 31.7 ± 12.2 140 ± 19.9 332 ± 36.0 935 ± 132 6 6 7 ± 114 6 7 8 ± 126
8 16.3 ±3.54 26.7 ± 8.46 106 ±21.6 148 ± 10.7 236 ± 44.7 942 ± 242 4 6 3 ± 137
N. minor Biomass g DW m’2
Site May June July August September October November
1 0.298 ±0.167 10.9 ±6.04 69.8 ±13.0 68.9 ±20.8 102 ±8.32 83.8 ± 16.1 0.237 ±0.106
2 0.237 ± 0.224 7.11 ±4.86 224 ± 34.7 173 ±57.1 92.0 ±28.8 0.105 ±0.105 0 ± 0
3 3.39 ± 1.83 62.6 ± 7.38 138 ± 41.3 81.9 ±27.0 120 ±33.1 86.3 ±21.0 0 ± 0
4 0.824 ± 0.824 7.79 ±1.49 11.9 ±2.94 141 ±61.6 125 ±1.83 27.0 ±8.52 0.491 ± 0.267
5 2.37 ±2.12 0.710 ± 0.355 17.9 ±7.07 50.3 ±4.58 48.9 ± 15.4 25.2 ±6.28 0.052 ± 0.053
6 0.079 ± 0.066 0 ± 0 0 ± 0 23.2 ±23.2 10.2 ± 10.2 24.4 ± 12.4 0.088 ± 0.088
7 0.044 ± 0.044 0 ± 0 o ± o  • 0 ± 0 4.28 ±4.28 0 ± 0 0 ± 0
8 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
C. demersum Biomass g DW m'2
Site May June July August September October November
1 2.03 ±2.01 13.5 ±4.92 0.570 ±0.285 0 ± 0 11.4 ± 11.4 2.39 ±2.39 0 ± 0
2 11.3 ± 10.6 25.3 ± 17.7 0 ± 0 0 ± 0 110 ± 106 20.2 ±6.55 0 ± 0
3 0 ± 0 0 ± 0 8.27 ±8.27 0 ± 0 0 ± 0 13.4 ± 6.52 9.55 ±5.74
4 0.316 ±0.316 1.85 ± 1.85 4.52 ±4.52 5.01 ± 3.31 0 ± 0 4.96 ±3.19 0.123 ±0.123
5 0 ± 0 1.47 ± 1.47 0 ± 0 0 ± 0 0 ± 0 0.149 ± 0.149 0 ± 0
6 0.123 ±0.063 0 ± 0 0.202 ±0.202 0 ± 0 37.7 ±26.1 0 ± 0 0 ± 0
7 40.7 ± 18.6 13.1 ±6.68 34.7 ±25.7 2.83 ±2.83 5.02 ± 5.02 50.2 + 20.3 13.2 ± 13.2
8 2.19± 1.59 14.0 ± 3.47 0 ± 0 1.06 ±0.600 0 ± 0 0.044 ± 0.044 0 ± 0
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Table 12: 1-way ANOVA comparing September 2007 data from the Chickahominy, 
Mattaponi, and Piankatank Rivers. Significant values (p<0.05) are in bold.
Field Parameters
Salinity psu DF F P
Site 2 27.64 < 0.001
Error 17
TSS mg I'1
Site 2 1.5 0.269
Error 10
Chlorophyll pg I1
Site 2 145.77 < 0.001
Error 10
Sediment Organic %
Site 2 2.44 0.123
Error 14
N02 + N03'pM
Site 2 2.97 0.097
Error 10
NH/ pM
Site 2 1.16 0.352
Error 19
PO / pM
Site 2 11.08 < 0.05
Error 10
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Table 13: 2-way ANOVA testing the effects of site (1 and 2) and treatment 
(monoculture/biculture) on H. verticiilata and N. minor biomass and length for the 2007 
field experiment. Significant values (p<0.05) are in bold.
Variable
H. verticiilata biomass DF F P
Site 1 11.82 <0.01
Treatment 1 1.81 0.215
Site * Treatment 1 0.88 0.376
Error 8
N. minor biomass
Site 1 1.09 0.326
Treatment 1 0.05 0.827
Site * Treatment 1 0.00 0.995
Error 8
H. verticiilata length
Site 1 22.32 <0.001
Treatment 1 0.14 0.719
Site * Treatment 1 0.07 0.797
Error 8
N. minor length
Site 1 53.47 <0.001
Treatment 1 0.20 0.67
Site * Treatment 1 2.13 0.182
Error 8
1
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